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Abstract  
The phytostabilisation of tailings impoundments with native plants has been advocated as a long-term 
sustainable storage solution following the closure of a mine. The limited availability of topsoil in 
mined landscapes leads to directly reconstruct root zone with fertilisers and organic matter (OM) 
amendments to improve available nitrogen (N) and phosphorus (P) and physico-chemical conditions 
in tailings. With the adaptation to low-P environments, candidate native plants may show P sensitivity 
to the addition of soluble P supply. The availability of fertiliser-P may become low due to the 
precipitation with metals and metalloids in tailings. To provide basis for P-fertilisation strategy for 
the establishment of native vegetation in tailings, this thesis aimed to investigate the fate of P-
fertilisers and P forms in tailings, in relation to their availability to native plant species to be 
established in the tailings under semi-arid subtropical climate. It was hypothesised that (i) OM can 
buffer against rapid mineral fixation of soluble inorganic P (Pi) in tailings by increasing fertiliser-P 
distribution into NaHCO3-P and NaOH-P pools; (ii) with the adaptive root strategies in P uptake from 
P-impoverished soils, candidate native species may access the sparingly soluble mineral-P pools in 
amended tailings.  
The systematic fractionation of the P pools in highly mineralised colluvial soil beneath acacia-
spinifex communities in Mount Isa region shows that approximately 95% of soil P was bound by Fe, 
Al and Ca. The mobilisation of P from the sparingly soluble mineral-P may depend on the rhizosphere 
processes of individual plant species, including microbial activities. The concentrations of organic P 
fractions, total organic C and microbial biomass C were higher in topsoil (0-5 cm) beneath vegetation 
stands, compared with bare soil; and the concentrations were significantly higher beneath the stand 
of grass (C4) species than shrub species (C3). 
The root P acquisition strategy of native plants might function with the increase in adsorption and 
immobilisation of fertiliser-P by minerals in the tailings. Despite adding OM and P-fertiliser as high 
as 300 kg P/ha, H2O-Pi and NaHCO3-Pi did not significantly increase in unweathered and weathered 
Cu-Pb-Zn-Ag tailings but a significant increase was observed in the unweathered Fe-Cu-Au tailings. 
The addition of OM decreased residual P, resulting an increase in NaHCO3-P and NaOH-P pools in 
all three tailings. Based on the mineralogical analysis, the formation of insoluble mineral-P in the 
tailings include Ca-P, Fe-P, Mn-P, hence the P acquisition from these minerals requires advanced 
root mechanisms in native plants.  
Acacia chisholmii and Ptilotus exaltatus could access sparingly soluble Ca3(PO4)2, FePO4 and MnPO4 
in a sand medium. A. chisholmii absorbed the highest amount of P from MnPO4, whereas P. exaltatus 
showed no preference. The supply of soluble P as KH2PO4 caused P-toxicity in A. chisholmii, but not 
for P. exaltatus, which tolerated low to high levels of soluble P supply, without toxicity effects. Shoot 
P concentrations were 16 and 17 mg P/g dry mass for A. chisholmii and P. exaltatus, respectively; 
these were much higher than the species growing in undisturbed habitats. The average P concentration 
of pore water was similar between the species, ranging from 7-10 μM with Ca3(PO4)2, FePO4 and 
MnPO4, however the pH of pore water was significantly lower with A. chisholmii, whereas unchanged 
with P. exaltatus. 
The root functions in acquiring P from mineral-P may be compromised by the presence of other 
stresses, such as salinity and metal toxicity, when the plants are grown in amended tailings, rather 
than sand medium. The addition of soluble P increased shoot P concentrations without positive 
growth effects on A. chisholmii and Atriplex nummularia grown in weathered and unweathered Cu-
Pb-Zn-Ag tailings. Compare to the weathered tailings, the concentrations of Co, Zn, Mn, Na, S and 
Mg in the pore water extracted from the unweathered tailings were significantly higher; this resulted 
high accumulation of S, Na and Mg in the plant tissue and reduced growth of A. chisholmii. The 
growth of the halophytic shrub At. nummularia was not affected by high concentrations of metals and 
salts in the root and shoot.  
In conclusion, the application of high rates of P-fertiliser combined with plant biomass mulch in the 
base metal mine tailings can maintain low-intensity Pi in pore water, which minimises the P toxicity 
risks to native plant species. The precipitation of fertiliser-P with the metals and metalloids in tailings 
can lower the phytotoxicity of metals to native plant species, although this was not examined in the 
present project. Candidate native species are likely access the mineral-P in tailings using root 
exudation. Further research is recommended to examine the effects of root exudates on P mobilisation 
and the dissolution/complexation of metals in amended tailings. With the efficient P uptake ability of 
A. chisholmii, At. nummularia and P. exaltatus, supplementary additions of P-fertiliser after plant 
establishment may be unnecessary for maintaining vegetation on the tailings. 
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Statement on the structure of this thesis 
 
The thesis chapters were prepared in stand-alone manuscript format.  
There can be a repetition of information in some sections of the chapters based on the primary 
research data (Chapters 3-6).  
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Chapter 1 
 
1 General Introduction 
 
Phytostabilisation is an approach whereby plant growth, structure, function and associated 
amendment materials that facilitate the development of these components, is used to assist the 
stabilisation of surfaces (Mendez and Maier 2008; Robinson et al. 2009). When applied to base metal 
mine tailings it is an important contributor to minimising the dispersion and transport of fine 
particulates containing heavy metals and metalloids into surrounding ecosystems through wind 
erosion and surface runoff (Wong 1986). Mine tailings typically lack organic matter (OM) and 
available macronutrients such as nitrogen (N) and phosphorus (P), and generally present a range of 
other physical and chemical constraints to vegetation establishment and growth (Ye et al. 2002). 
Fertilisers and organic amendments are commonly used to improve physical and chemical conditions, 
the purpose of which includes the increase of available N and P in amended tailings for plant growth 
(Huang et al. 2012a). However, in the context of the phytostabilisation of base metal mine tailings, 
detailed information on the fate of phosphate fertilisers (P-fertilisers) in tailings and the P acquisition 
by native plants growing in these materials is lacking. This information provides an important basis 
for formulating a P-fertilisation strategy as an integral part of a tailings revegetation program. 
An alteration or elevation of available P in infertile soils may lead to competition on nutrient and 
water resources among plant species and thus diversity. This occurs because some native plant species 
are sensitive to elevated levels of soluble inorganic P (Pi) in the rhizosphere due to their adaptation 
to infertile soils (Lambers et al. 2010), while others may tolerate a wide range of P supply (such as 
Ptilotus species, Ryan et al. 2009). As a result, it is important to determine the fate of fertiliser-P in 
amended tailings and the likely P-forms (reaction products) that can be taken up by the roots, without 
the risk of P toxicity in native plants. The primary aim of this PhD project was to study the fate of P-
fertilisers in base metal mine tailings by chemical characterisation of the fertiliser-P distribution in 
tailings and experimental investigations on whether the candidate native plants species could acquire 
P from sparingly soluble P forms from mine tailings. The outcomes of this research will provide 
valuable information to formulate a P-fertilisation strategy for the phytostabilisation of base metal 
tailings suitable to the characteristics of those native plants identified as of potential value.  
The fate of fertiliser-P in base metal tailings may be comparable to that in highly mineralised soils 
with high P-fixing capacity. Tailings are rich in primary (quartz, pyrite, ankerite, calcite, dolomite, 
gypsum, goethite, hematite, kaolinite) and secondary minerals, such as hydrous Fe/Al/Mn-oxides, 
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carbonates and other metals and metalloids (Lottermoser 2010), which are highly reactive with 
phosphate anions (Parfitt et al. 1975). As a result, fertiliser-P applied in the amended tailings is likely 
to be adsorbed by these minerals and become sparingly soluble forms of P, which diminishes P 
availability for plant use (Brown et al. 2003; Mendez and Maier 2008). In high P-fixing soils, OM 
incorporated with P-fertilisers can effectively improve P-fertilisation efficiency as OM slows down 
the rapid P-fixation by soil minerals (Nziguheba et al. 1998; He et al. 2004). In this way, the fertiliser-
P reactions and distribution among different P pools may shift to favour the retention of P in the 
organic fraction and reduce the sparingly labile P fraction, without substantially elevating the soluble 
Pi pool (Chapter 4). 
To assist the understanding of the potential impacts of P-fertilisers on P availability and P distribution 
in the amended tailings, the endogenous P distribution in the local natural soil supporting those 
targeted native plants for use in the tailings revegetation program was investigated as a core part of 
this thesis. The P requirements of native plants adapted to nutrient-poor soils, which occur in much 
of Australia and the southern African landscapes, are normally very different from those of crop and 
other introduced species (Lamont 1982; Lambers et al. 2010). Due to the high degree of mineral 
weathering combined with the basaltic and sedimentary origin of the soils in these regions (Wild 
1958), the soils are rich in sesquioxides (Fe and Al oxy/hydroxide) and carbonate minerals (Ca), 
which bind soluble Pi through high-affinity adsorption and immobilisation processes (Adams 1980). 
As a result, plant-available P is typically low and the vast majority of soil P is in the form of sparingly 
soluble P in many infertile Australian soils (Samadi and Gilkes 1998) (Chapter 3). 
Native plant species usually require only low levels of soil P supply and are often compensate for the 
low availability of Pi by possessing highly efficient root systems to acquire inorganic P from sparingly 
soluble P forms (Handreck 1997). Soil solution P concentration in highly-weathered Australian soils 
can be as low as 0.04-1.27 µM (Smethurst et al. 2001). Increasing soluble Pi therefore can cause P 
toxicity to native plants, particularly for slow-growing woody species with limited P-accumulation 
capacity in the leaves (Playsted et al. 2004; Shane et al. 2004). As part of adaptation to low-P soil, 
native species have evolved with highly sophisticated root P uptake strategies to acquire P from 
sparingly soluble sources (Lambers et al. 2006). These include, enhanced root proliferation (e.g., 
cluster root formation), root-induced biochemical modification of rhizosphere chemical properties, 
and mycorrhizal symbiosis (Lamont 1981; Lambers et al. 2008b). Further to that, Australian native 
species can impart higher rates of internal biochemical P cycling in plant tissues (e.g., leaf P re-
sorption), which reduces the reliance on soil P sources (Handreck 1997).  
Provided the presence and expression of such efficient P uptake strategies were not hindered by the 
material properties, candidate native species could potentially utilise P bound by tailings minerals. 
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To test this potential, a simulated P-form trial was carried out to determine if selected native plants 
can acquire P from sparingly soluble P minerals in a sand medium (Chapter 5).  
While native species may be able to utilise P from tailings minerals, the P acquisition processes (e.g., 
release of organic acids) may cause possible rhizosphere acidification, increasing soluble solutes in 
the tailings pore water. However, the plant’s reliance on mineral-P in tailings will depend on the plant 
P status and solution P concentration (Shane et al. 2008). As a result, the P acquisition from amended 
tailings may be coupled with the uptake and accumulation of excessive amounts of Ca/Mg salts and 
metals in plant shoots and roots (Chapter 6). 
In summary, following the review of current literature (Chapter 2), the PhD project has focused on 
the following aspects:   
o The characteristics of P distribution in highly mineralised soil beneath candidate native plant 
species from natural vegetation sites and P levels in the foliage of native plants;  
o The fate of fertiliser-P applied to tailings amended with OM by measuring the P 
transformation and distribution into different P-forms; 
o The availability of sparsely soluble P-forms in tailings for candidate native plant species that 
do not form cluster roots;  
o The effects of P supply on the growth and solute uptake by candidate native plant species in 
tailings with different degrees of weathering. 
As an initial study, candidate native species from a natural habitat adjacent to the tailings 
impoundments of Mount Isa Mines, were sampled together with the topsoil (0-10 cm) beneath native 
plant stands (Chapter 3), in order to characterise soil P distribution in relation to soil properties and P 
contents in foliage and litterfall. This chapter provides an overview of P distribution among P 
fractions in the context of P availability and uptake by candidate native species in a highly weathered, 
lateritic calcareous soil with low OM contents. Based on the findings, the discussion focussed on the 
nature of soil P forms and the P cycling patterns in unfertilised native soils in a semi-arid environment. 
It further then explored the assumption that the candidate native species from local ecotypes would 
have an adaptive root strategy to access sparingly soluble P sources.  
In the next chapter, a laboratory incubation experiment was carried out to investigate the distribution 
of fertiliser-P in the tailings amended with OM, by using sequential P fractionation (Chapter 4). This 
study designed to examine the importance of the interactions between OM and tailings to the fate of 
P-fertilisers in tailings. As most of the fertiliser-P was adsorbed by the minerals in the tailings, a 
further experiments in the glasshouse were carried out to investigate whether candidate native plant 
species can utilise P from sparingly soluble P forms (such as those P-minerals of low solubility) 
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presented in tailings amended with OM and P-fertiliser. In the current literature, a large body of 
knowledge is available on the root strategies of native species that exploit mineral-P sources in highly 
P-fixing soils. However, it is unknown whether or not the candidate native species could utilise 
sparingly soluble P sources in amended tailings using the efficient root P acquisition strategies in the 
same manner as in native soils. A glasshouse experiment examined Acacia chisholmii and Ptilotus 
exaltatus for their ability to take up P from Ca3(PO4)2, FePO4 and MnPO4 in a sand-culture trial 
(Chapter 5).  
However, when grown in the amended tailings, the plants not only acquire P from the tailings 
minerals, but also other solutes and heavy metals. The efficiency of native plant species in utilising P 
directly from the P-minerals in tailings can be dependent on the adversity of phytoavailable salt and 
metals and the associated growth stresses in individual species. As a result, it is useful to know how 
the native plants respond to P-fertilisation in the base metal mine tailings. In Chapter 6, the growth 
responses of A. chisholmii and Atriplex nummularia to weathered and unweathered tailings under low 
and adequate P availability were compared in a glasshouse pot trial. This experiment focused on 
examining the effects of P availability on plant growth and the uptake and accumulation of salt (e.g., 
Na and SO4-) and metals in the plants.  
The selection of native species used in various components of this research was based on criteria that 
included: 
 (a) natural occurrences, such as the acacia-spinifex alliance that dominated in the natural ecosystem 
around the mine tailings storage facility (Chapter 3), and species used in past and present field 
revegetation trials (Chapter 2) which identified the prominent growth of P. exaltatus and A. chisholmii 
on tailings (and hence were selected for the P acquisition study in Chapter 5). The variation in choice 
by experiment was also due to the recognition that measurable growth rates of the spinifex species 
(Triodia pungens) was much slower than other candidate native species, hence was excluded for 
practical reasons; and 
(b) growth cycles, where for the tailings pot trial experiment in Chapter 6 was aimed at examining 
candidate native species for long-term vegetation cover on tailings, meaning that P. exaltatus, with a 
short growth cycle and excellent pioneer species characteristics for tailing revegetation, was not the 
ideal to meet the particular experimental objectives. 
The above findings are discussed collectively within the context of native plant responses to P supply 
in amended tailings. A conceptual model was developed to understand the fate of P-fertiliser in base 
metal mine tailings and the potential mechanisms of native plants to acquire P that is mostly present 
in the sparingly soluble P pools. On the basis of the findings and literature review, tentative 
recommendations have been made for a P-fertiliser strategy for the establishment of native plant 
species for phytostabilising base metal mine tailings under semi-arid climatic conditions. 
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Chapter 2 
2 Literature review and research questions: Phosphorus (P) adsorption and 
distribution properties in base metal mine tailings and P uptake 
characteristics of native plant species  
 
2.1 Introduction 
 
The success of revegetation on base metal mine tailings is determined by the capacity of a self-
generating plant cover system that adapts to the local environment and overcomes unfavourable 
physicochemical properties of growth condition in tailings (Bradshaw 1997; Conesa et al. 2007b; 
Hunter 1974). Tailings embody a mixture of physical and chemical conditions detrimental to plant 
growth. The main physical constraints are high bulk density, low water infiltration and low plant-
available water retention. Chemical limitations include low pH, salinity, deficit of available nutrients, 
and excessive phytoavailable metals and metalloids (Wong et al. 1998; Wong 2003; Santibáñez et al. 
2008). Compounding this, arid regions provide further challenges for vegetation establishment, with 
variable rainfall, high air temperatures, and high evaporative deficits (Santibáñez et al. 2008). The 
combination of these factors demand complex tolerance and adaptability from candidate species to 
salt, drought and phytotoxic metals and metalloids. Native species have an inherent ability to cope 
with local climate can improve the successful vegetation capping on mine tailings (Conesa et al. 
2006). However, successful cases of revegetation with native plant species in base metal tailings in 
semi-arid regions remain scarce. Studies on direct vegetation establishment in lead-zinc (Pb-Zn) and 
copper (Cu) tailings under arid and semi-arid climates have been documented for the cases in Chile, 
Spain, Portugal, and USA, which are comparable to the current study site in Mount Isa. 
Mine tailings are the residue wastes generated from hard rock mining (base metals, phosphate, and 
bauxite), which are commonly impounded into tailings storage facilities in the open landscape. Due 
to the decreasing cut-off ore grade for base metals (particularly Cu) in recent decades, the amount of 
tailings per unit of metal produced has dramatically increased, leading to the expansion of land for 
tailings disposal and storage (Lottermoser 2010). Consequently, this causes a significant 
environmental footprint in the mining regions (Jakubick et al. 2003). Base metal tailings present 
elevated concentrations of metals and metalloids that are resultant of oxidative dissolution of primary 
and secondary minerals (McGregor and Blowes 2002). If uncapped, the tailings impoundments may 
negatively impact the local environment, wildlife and human populations and cause destruction of 
local flora and fauna and their habitat quality (Dudka and Adriano 1997). In cropping and forestry 
 6 
regions, impacts can lead to loss of land for crops, forests and pasture (Mendez and Maier 2008; 
Santibáñez et al. 2008).  
These risks may be further exacerbated by climatic conditions such as prolonged drought and/or 
torrent flooding (Tordoff et al. 2000). Sub-tropical semi-arid regions are typically characterised by 
long hot and dry summers and warm and mild winters with temperature ranging between 20°C and 
40°C and high evapotranspiration rates that exceeds annual rainfall (Kottek et al. 2006). This extreme 
wetting and drying cycle, caused by prolonged dry, hot months followed by a short monsoonal rain 
season leads to an upward movement of solute transport through capillary rise, concentrating 
dissolved metals and salts (e.g., Ca, Mg, SO4-) in the tailings surface (Lottermoser 2010). This 
exacerbates sulfide oxidation and re-dissolution of secondary minerals in the surface layers of tailings 
impoundments in semi-arid environments (Dold and Fontboté 2001). Consequently, mine tailings can 
be the source of contamination through the risks associated to the migration of potentially toxic metals 
and metalloids to adjacent surface water sources and soils through surface water run-off and/or dust 
suspension (Dudka and Adriano 1997).  
Previous studies reported the natural colonisation of native species occurred on weathered 
(abandoned) tailings under various climatic conditions in semi-arid Spain (e.g., Conesa et al. 2007b; 
Santibáñez et al. 2009), subtropical India (Das and Maiti. 2009) and China (Chiu et al. 2006). 
However, the natural colonisation process takes a long time to occur (i.e., many decades). Thus, 
ecological engineering is often necessary to improve the root zone conditions for vegetation 
establishment (or phytostabilisation), in order to stabilise tailings surfaces and prevent surface run-
off and dust dispersion (Bradshaw 2000; Robinson and Anderson 2007; Conesa and Schulin 2010). 
Ecological engineering practices for vegetation establishment can be broadly grouped into two 
approaches: (1) reconstructing the root zone into cover materials placed over tailings (Tordoff et al. 
2000) and/or (2) reconstructing the root zone in amended/remediated tailings without covering 
materials (direct revegetation) (Huang et al. 2012a; Courtney 2013). In remote mine sites, it is 
expensive to find and transport large volumes of capping materials for covering vast areas of tailings 
impoundment (Johnson and Bradshaw 1977; Munksgaard and Lottermoser 2010). As a result, the 
reconstruction of the root zone using amelioration techniques is an attractive alternative. This 
technique involves in situ hydro-geochemical stabilisation with appropriate organic and inorganic 
amendments for target plant communities (Huang et al. 2012b; Courtney 2013). 
Phytostabilisation of mine tailings has been difficult due to the presence of a complex suite of abiotic 
constraints, including high salinity, metal toxicity and high mechanical compaction. In addition to 
these, the primary growth-limiting factors for the pioneer plant species concerned low fertility values 
due to the lack of organic matter (OM), available nitrogen (N), phosphorus (P) and diverse 
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microorganisms (Wong 1986; Ye et al. 2002; Mendez and Maier 2008). Past revegetation trials have 
reported P limitations contributed to poor vegetation cover and short-term survival of plant species 
in tailings (Hunter 1974; Brown et al. 2003), while N limitation can be alleviated with dinitrogen-
fixing (N2-fixing) species (i.e., sourcing N from the atmosphere). Thus P-fertilisation is necessary for 
improving P supply in the root zone and supporting sustainable biomass production through P 
recycling from the P absorbed in plant biomass within the revegetated tailings-plant systems (Brown 
et al. 2003; Chiu et al. 2006). Therefore severe nutrient limitations must be overcome in the initial 
establishment of pioneer plant species into the improved tailings (Hunter 1974; Ye et al. 2002; 
Courtney 2013). Pioneer plants also need to be tolerant to water deficiency and/or excessive 
phytoavailable heavy metals (in the case of acidic pH) and salinity (Wong 2003; Conesa et al. 2007b).   
Base metal tailings contain high levels of metal (e.g., Al, Fe, Mn) oxides and hydroxides, and 
carbonate minerals (Blowes et al. 1998; Dold and Fontboté 2001). Soluble inorganic P (Pi) in soil 
solution can be rapidly adsorbed and immobilised by these tailing minerals (Hunter 1974), hindering 
the P availability for plant uptake. However, native species in highly weathered soils in semi-arid 
regions are adapted to low P availability and are typically sensitive to increasing solution Pi (Lamont 
1982; Lambers et al. 2008b). Thus, excessive P supply1 can cause P toxicity for Australian native 
species (Handreck 1997). In low-P environments, native species demonstrate highly efficient root P 
uptake strategies, which increases the availability of sparingly soluble forms of P in soil (Lambers et 
al. 2006). Apart from that, native plants adapted to severely P-impoverished soils display high P use 
efficiency through storing and redistributing P from the mature leaves to emerging leaves or through 
delay in leaf shedding (Specht and Groves 1966). As a result, native plant species may be able to 
acquire the P adsorbed by tailing minerals after a capital input of fertiliser-P in the root zone. 
Early revegetation studies focused on plant species for phytostabilisation, including native and crop 
species of high tolerance to high concentrations of metals and/or metalloids through exclusion or 
hyperaccumulation mechanisms. For example,  Zea mays (Chiu et al. 2005), Vetiveria zizanoides 
(Truong 1999; Danh et al. 2009), Sesbania spp. (Ye et al. 2001), Thlapsi caerulescens (Baker et al. 
1994; McGrath et al. 1997; Schwartz et al. 1999), Arabidopsis thaliana, A. halleri (Chaney et al. 
1997), Brassica spp. (Bañuelos et al. 2005) and Lolium perrene (Santibáñez et al. 2008) have been 
reported as highly tolerant to excessive concentrations of Ni, Zn, Cu, Cd, Co, Mn and Pb and have 
good potential for the phytostabilisation of metal-enriched environments (Baker et al. 1994).    
This chapter reviews the current knowledge on the biogeochemical processes of P acquisition in the 
root-soil interface with particular references to native plants adapted to nutrient-poor environments 
and their ability to acquire P in organic amended tailings. From the review, a set of research questions 
was developed, which formed the basis of research investigations carried out in the present thesis. 
 8 
2.2 Environmental impacts of base metal tailings in semi-arid regions and the 
importance of phytostabilisation 
Base metal tailings are generated from the mining of non-ferrous, hard rock metals: copper (Cu), lead 
(Pb), zinc (Zn) and nickel (Ni) (World Bank 1998). The hard rock metal ores undergo extensive 
crushing and grinding of large chunks of rocks into few millimetres (mm) to micro-sized (μm) 
particles to liberate target minerals (Lottermoser 2010). In the finely milled ore, concentrates are 
retained for commodity (e.g., through gravity and magnetic separation or flotation) and the remaining 
of finely milled ore in liquid and solid form, is referred to as tailings (Figure 2-1). The focus of this 
review is the tailings originating from the Cu, Pb, Zn ore bodies and, thus the term ‘tailings’ refers 
specifically to Cu, Pb-Zn tailings. Tailings primarily consist of ground gangue minerals such as 
silicates, oxides, hydroxides, carbonates, and sulfides, in association with traces of metals and 
metalloids (Lottermoser 2010).  
 
Figure 2-1 Generalised scheme on the processing of base metal ore to liberate target mineral concentrate 
and the generation of tailings (from Lottermoser 2010).    
Tailings are discharged into tailings impoundments for consolidation and long-term storage (Aubertin 
et al. 1996). The rate of weathering in the tailings depends upon the mineralogy and geochemistry of 
the ore body, process technology, disposal method and local climatic conditions (e.g., high rainfall 
tropical, semi-arid, or temperate) (McGregor and Blowes 2002). Environmental risks posed by the 
tailings can persist long after the mine closure, including risks of dispersion and transport of metals 
and metalloids (e.g., acid mine drainage, dust suspension) from tailings to natural water bodies and 
the food chain (Dudka and Adriano 1997). Engineering solutions such as capping with soil or removal 
of tailings may be useful, but in many cases, these are constrained by inadequate resources and 
associated expenses (Engels 2013). In addition, the regulatory bodies of some countries, including 
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Australia, require landscape rehabilitation with native vegetation communities for increased 
confidence of sustainability outcomes (Williams et al. 2007; ANCOLD 2012).  
In arid and semi-arid regions, geochemically stable capping material and/or topsoil is scarce (Huang 
et al. 2012b). Natural soil resources are also highly limited in semi-arid regions as the landscape is 
highly weathered and the natural soil depth is shallow. In situ direct revegetation establishment (e.g., 
phytostabilisation) of mine tailings has been promoted to stabilise the tailings surface following 
suitable amendments to reconstruct root zones (Vangronsveld et al. 1996). Plant roots can contribute 
to the stabilisation of tailings materials and minimise the dispersion of fine particulates from the 
tailing surface (Mendez and Maier 2008; Jones and Haynes 2011). Phytostabilisation aims to utilise 
root ability to immobilise heavy metals and metalloids to prevent their migration into natural 
environments (Wong 2003) and bind tailings through the network of roots, which minimises surface 
erosion. As tailings present multiple stresses (e.g., salinity, high levels of heavy metals and 
metalloids) and poor soil fertility for plant establishment, appropriate organic and inorganic 
amendments, combined with physical amelioration, is often necessary for the initial hydro-
geochemical stabilisation of the tailings and the improved soil biological capacity in the root zones 
(Huang et al. 2012a). Major constraints in plant growth on tailings include elevated salt and heavy 
metal contents, the absence of OM and available nitrogen (N) and phosphorus (P) (Wong 1986; Ye 
et al. 2002). Biological activity is extremely limited, with the exception of iron (Fe) and sulfur (S) 
oxidising bacteria (Mendez 2007). 
 
2.2.1 Primary constraints in base metal mine tailings for vegetation 
establishment and amendment requirements 
2.2.1.1 Physical and chemical constraints  
 
The main physical constraints include high bulk density, low hydraulic conductivity and limited 
plant-available water. In arid and semi-arid climates, high evaporative moisture loss aggravates the 
surface compaction in tailings, causing high resistance in root penetration and low water infiltration 
(Santibáñez et al. 2008). In the unsaturated layers of fine-grained tailings hydraulic conductivity and 
water retention can be extremely low (Aubertin et al. 1996). Mendez et al. (2007) reported native 
species in abandoned Cu tailings suffered from moisture stress.  
Further to the poor physical and hydraulic conditions, a majority of studies have reported excessive 
salt and metal uptake by crops and native species, resulting in poor survival and growth in tailings. 
Acid generation (pH<5.0) by mineral oxidation is primarily responsible for high salinity and excess 
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of water-soluble metals in tailings (Ye et al. 2002; Wong 2003; Santibáñez et al. 2008). The oxidative 
dissolution of primary and secondary minerals in tailings increases the concentrations of salts and 
metals ions, such as S, Ca, Mg, K, Mn, Cu, and Zn in pore water (Ribeta et al. 1995; Smuda et al. 
2008). As a consequence, phytoavailable Cu, Mn and Zn often exceed the threshold of micronutrient 
requirements for plant uptake, causing toxicity (Conesa et al. 2006). Furthermore, Conesa et al. (2006; 
2007a) reported under acidic pH (4.8), high levels of chloride (Cl-) and sulfate (SO42-) salts were not 
only inhibiting growth but also caused an imbalance in ion uptake by native plant species growing in 
weathered tailings. At early stages of weathering, tailings remain in anaerobic, swampy conditions, 
in which sulfides commonly accumulate (Bradshaw 1997). Under these conditions, the pH level 
remains neutral to alkaline (pH>7.0) due to low oxidation but high concentrations of sulfide minerals 
(Smuda et al. 2008).  
 
2.2.1.2 Nutrient constraints  
 
Depending on the type of minerals being mined and their geological origin, the waste materials may 
contain some nutrients (e.g., Ca, Mg, Mn, Zn) in elevated amounts, although the levels of essential 
plant macronutrients, N and P, are often depleted to levels lower than plant requirements (Bradshaw 
1997). Early cases of tailings revegetation studies in semi-arid and temperate regions suggested that 
the initial vegetation growth could be limited or failed due to the limitation of available N and P in 
the tailings (Hunter 1974; Ye et al. 2002). Low levels of available N and P in tailings are insufficient 
to support the growth of nutrient-efficient native plant species (Kramer et al. 2000a; Conesa et al. 
2007b), although the total concentration of P can be 200-800 mg P/kg (Table 2.1). After 15 years of 
monitoring in vegetation growth on abandoned tailings in the La Cartagena region of Spain, Conesa 
and Schulin (2010) concluded that the growth of drought and salt tolerant native species is severely 
limited by nutrient availability. Mendez et al. (2007) concluded that the absence of available N and P 
and OM would have inhibited the natural plant colonisation in the acidic Klondyke tailings (Cu) in 
semi-arid Arizona. Although the addition of fertiliser can supply N and P, the depletion of available 
N and P by poor cation exchange capacity (loss through leaching) and high binding capacity (P 
immobilisation) in base metal mine tailings is common due to the complete lack of OM (lack of 
microbial transformation) (Ye et al. 2002; Wong 2003). The reliance on external amendments alone 
increases N and P supply temporarily but is not sustainable in the long term. Continual nutrient 
cycling in the plant system is necessary to sustain N and P supply to plants in the long term (Huang 
et al. 2012a). Establishing a sustainable N and P cycle in the tailings requires an understanding of the 
interactions between inorganic fertilisers and OM amendments and physiological responses of 
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selected plant species (e.g., N2-fixing) to tailings chemical properties, particularly pH and salinity, in 
relation to potential N and P-binding effects in the substrate (Hunter 1974; Wong 1986; Tordoff et al. 
2000). 
Table 2-1 The concentrations of total and available P (bicarbonate-extractable P) in Pb-Zn and Cu mine 
tailings in semi-arid and subtropical regions. 
Tailings Mines and Country 
Total P Available P 
References 
mg/kg 
Cu Lechang, China na 2.0 Wang et al. (2009) 
Pb-Zn 
Klondyke, Graham 
country, AZ, USA  
<10 Mendez et al. (2007) 
Fe-Pb-Zn 
Caren, El Teniente, 
Chile >800 na Smuda et al. (2008) 
Pb, Zn 
Bunker Hill, Idaho, 
USA 530 3.0 Brown et al. (2003) 
Pb-Zn Fankou, China 590 2.7 Lan et al. (1997) 
Pb-Zn Lechang, China 447 0.3 Ye et al. (2000) 
Cu Southern Morocco na 7.0 Boularbah et al. (2006) 
Cu-Pb-Ag 
Mount Isa Mines, 
Australia na 5.5 Hunter (1974) 
        na- no data available 
 
2.2.1.3 Phosphorus limitation in establishing native plants on tailings  
 
Brown et al. (2003) suggested the P limitation was partially due to the inability of plant species to use 
low-soluble forms of P in the amendment. Despite large quantities of applied P fertilisers, tailings 
strongly bind soluble Pi, rendering P unavailable for plant uptake (Kramer et al. 2000b; Brown et al. 
2003). Hunter (1974) reported the initial P application in Ag-Pb-Zn tailings was as high as 1200 kg 
P/ha and yet foliar analyses of surviving species indicated P deficiency. Native species in semi-arid 
environments are adapted to low nutrient availability and are equipped with efficient internal and 
external nutrient cycling ability (Lamont 1982; Handreck 1997). For example, Australian acacias are 
robust in land rehabilitation programs with the ability to fix atmospheric N and are tolerant to 
moderate levels of salt and metals (Langkamp 1987; Reichman et al. 2004). Thus N2-fixing legumes 
can alleviate N limitation with the aid of OM amendments in tailings and mine waste remediation 
(Moss et al. 1989; Bradshaw 2000). These findings imply that the native species with efficient P 
uptake and use strategies may eventually reduce external P input into tailings. 
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2.2.2 Tailings from Mount Isa Mines (Cu-Pb-Zn-Ag) 
 
Mount Isa Mines (MIM) has been operating since 1931 and is the biggest producer of Ag, Pb and Zn 
in Australia (Forrestal 1990). The ore body is originated on sedimentary copper, lead, zinc and silver 
deposit with no volcanic activity involved in mineralisation (Cu-Pb-Zn-Ag). With the potential 
expansion of the surface operations, tailings impoundment areas would reach more than 1500 ha 
(Longbin Huang, personal communication, 2014). The current tailings impoundment includes: a 
decommissioned section that is excluded from the operation and a much larger on-going discharge 
section (Figure 2-2). The tailings from MIM tailings dam 5 (TD5) were mixed Cu-Ag and Pb-Zn 
tailings with higher proportions of Cu-Ag tailings. It has been weathered (e.g., oxidised) for about 30 
years (Huang 2009). The tailings from MIM tailings dam 7 (TD7) have been recently deposited from 
mixed streams of Cu-Ag and Pb-Zn ore processing with higher portions of Pb-Zn tailings input. The 
dominant minerals in MIM tailings are quartz, carbonates (dolomite, ankerite, calcite), chlorite and 
pyrite, with minor quantities of feldspar, residual sulfides (chalcopyrite, sphalerite, galena, cobaltite, 
pyrrhotite), muscovite, talc and biotite (Struthers 1996; Huang 2009). 
 
Figure 2-2 Image of the tailings impoundments in Mount Isa. The marked points for TD5 and TD7 
tailings are the approximation of the tailings sampling points for the current study. 
The local climate around the tailings impoundments is semi-arid/subtropical. The maximum annual 
temperature is 33.2°C and mean annual temperature 29.6°C (Figures A 2-1 and A 2-2). Annual 
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rainfall is 450-500 mm (Figure 2-3), of which about 80 % occurs in December to February during the 
monsoonal season.  
 
Figure 2-3 Long term annual rainfall in Mount Isa Mines area. Data retrieved from weather station # 
029126 near Mount Isa Mines. 
The potential evapotranspiration is 1600 mm/year in the Mount Isa region (Bureau of Meteorology 
2014), which exceeds annual rainfall by a factor of four. This causes high evaporative moisture loss 
from the surface of tailings, which directly affects their physico-chemical properties of tailings. Soils 
around the MIM tailings are mostly shallow red duplexes, red-brown loams and red earths (Christian 
1954; Perry et al. 1964b). The dominant ecotype around the mine lease is comprised of acacia-
spinifex grasslands (e.g., tussock) and mixed acacia-eucalyptus open woodland (Specht and Specht 
1999).  
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Figure 2-4 Mean annual evaporation across Australia for the period of 1975-2005.  
 
2.2.2.1 Nutrient supply and native species response in tailings from Mount Isa 
Mines 
 
The most extensive investigation on vegetation establishment options for MIM tailings were 
conducted between 1974 and 1976, using MIM tailings dam 3 (TD3) in field and pot trials (Hunter 
1974; Kratzing 1977; Ison 1977). These studies examined root zone amelioration options for 
improving physical conditions and the selection of tolerant species from both native and naturalised 
species. Other studies focused on capping with inert materials using fly ash and quarried rock as 
capping layers, as well with plant biomass (without fertilisation) (Ruschena et al. 1974; Hodge et al. 
1997). The latter trials tested over 200 native species but only named a few for survival and growth 
(Table 2-2).  
Past in situ trials showed that coarse capping material significantly improved plant growth conditions 
with (a) increased suitable root zone volume over tailings; (b) capillary break to prevent excessive 
salt rise and (c) creation of an island above the water-logging level during the wet season. The 
vegetation cover, however, could not be sustained over the long term without regular maintenance 
including water and nutrient supply. Until 1976, P and N fertilisers were supplied in high volumes 
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(up to 382 kg P/ha) (Hunter 1974) but further studies concluded that fertilisation requirement 
exceeded the feasibility of continuous supply (Jones 1986). Subsequently, fertilisation stopped in the 
latter trials conducted during 1996-2001 (Hodge et al. 1997). The native species that were selected 
from local ecotypes around MIM area, such as spinifex (e.g., Triodia spp., Rhodes grass (Cynodon 
dactylon), buffel grass (Cenchrus ciliaris) and woody shrub and tree species (e.g., Acacia spp. and 
Atriplex spp., Whitewood (Atalaya hemiglauca) showed higher survival rates than the naturalised and 
introduced species in the earlier studies (Duff 2001) (Table 2-2). 
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Table 2-2 Amendment strategies and growth of native and naturalised plant species in the past revegetation trials in MIM tailings under field and greenhouse 
conditions (adapted from Huang, 2009). The species that repeatedly showed better survival and growth are marked in bold.  
Case# Trial name 
Tailings 
dam 
Fertilisers Plant species established Outcome Reference 
1 1973 field trials 3 
mulch and quarried rock 
(low N and P) 
200 native and naturalised species 
Species survived:  
Pea bush (Sesbania benthamania), Tumble 
weed (Salsola kali),  Polycarpaea glabra (no 
common name), Native amaranth 
(Amaranthus interruptus), Gomphrena 
brownie (no common name), Golden 
beardgrass (Chrysopogon fallax), Blue pea 
(Clitoria ternatea), Pink Mulla mulla or 
Lamb tails (Ptilotus exaltatus) 
Ruschena et 
al. (1974) 
2 
200 m x 5 m 
colonisation trial 
3 
Superphosphate 600 
kg/ha, urea 90, blood 
and bone 400, and 
maintenance urea 22.5 
natural colonisation no detailed report 
Hunter. 1974  
3 
0.5 Ha 
revegetation trial 
plot 
3 
Basal (kg/ha)= 90 urea + 
90 blood & bone + 1270 
blood & bone + 1270 
superphosphate 
Sesbania spp., Vicia spp., Cereal rye 
(Secale cereale), Buffel grass (Cenchrus 
ciliaris), Wimmera  rye (Lolium rigidum), 
Rhodes grass (Chloris gayana), Couch 
grass (Cynodon dactylon), Sudan grass 
(Sorghum x drummondii), Siratro 
(Macroptilium atropurpureus) 
Dominant growth:  
Cenchrus ciliaris, Cynodon dactylon and 
Chloris gayana  
4 
Nitrogen 
maintenance 
rate/time trial  
3 
basal fertilisers applied 
as above urea 25 kg/ha 
weekly 
Chloris gayana  
5 
Phosphorus rate 
field trial 
3 
basal fertilisers applied 
as above,  
superphosphate (kg/ha) 
-250-4000 
Chloris gayana 
 
5A 
Phosphorus rate 
greenhouse trial  
3 
Superphosphate 
(kg/ha): 432-4320 
Phasey bean (Macroptilium lathyroides) 
Highest dry biomass at superphosphate 1728 
kg/ha but 1728-4320 kg/ha was not 
significantly different; 1296 kg/ha was 
optimum. 0-400 kg/ha caused extreme P 
deficiency. Cu, Zn uptake reduced with 
increasing P addition. Optimum P: 124-165 
kg P/ha (1296-1728 kg/ha) 
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6 Siltstone trial 3 
basal per (kg/ha): 115 P. 
57 N, urea 44 kg N/ha 
bimonthly 
Chloris gayana  
7 Field trial 3 
Basal fertiliser applied 
prior to sowing (kg/ha): 
Blood & bone – 27; 
ammonium nitrate 27,  
superphosphate 2160;  
Cynodon dactylon, Chloris gayana, Salt 
bush (Atriplex spp.), Legume stylo 
(Stylosanthes guyanensis cv. Schofield), 
Pea bush (native Sesbania benthamania), 
Native amaranth (Amaranthus 
interruptus), Townsville stylo 
(Stylosanthes humilis), Cenchrus ciliaris, 
Siratro (Macroptilium atropurpureus), 
Ptilotus spp. 
In pure tailings, only Cynodon dactylon 
survived with very low biomass; in fly ash-
amended plots, only Cenchrus ciliaris, 
Chloris gayana and Sesbania benthamania 
grew well. In control, Cynodon dactylon, leaf 
tissue contained (ppm) Cu >220, Zn 153 and 
Pb 205; improved infiltration rate, decreased 
EC, and increased P supply  
8 
Agronomic 
techniques in the 
revegetation of 
tailings dams at 
Mt Isa Mines 
(field  trials) 
3 
Basal fertilisers, 55 kg 
N/ha as urea), 
maintenance N was 
applied at 27.5 kg N/ha 
every 2 months) 
Chloris gayana and Sorghum spp. 
Best growth at 250 kg SP/ha.  Main 
limiting factor is not P in the fly ash 
amended tailings, but salinity. It is a key to 
reduce salt impact. 
Ison. 1976 9 3 
N rates (kg N/ha/yr): 
150-600;  
superphosphate 1270 
kg/ha + urea 55 kg N/ha 
Chloris gayana 
Best growth at 600, 300 kg N/ha, application 
at high rate urea caused significant loss of N, 
monthly application of urea 300 kg/ha is 
better than 600 kg urea/ha/year 
10 3 
Superphosphate : fly ash 
(50:50); P rate 30-250 
kg/ha (2.7 – 223 kg 
P/ha); (the fly ash 
contained high P) 
 
surface application is better than 
incorporation as it provided protection for 
seedlings and help to reduce surface 
evaporation thus conserving water;  
11 Field trial 3 250 kg/ha fertiliser Acacia spp. 
Ripping incorporated with large quantities of 
fertiliser is best for native species; salt 
efflorescence and low water infiltration is the 
major problem; Acacia spp. Grew best 
Farrel. 1979 
12 
Cattle on 
Tailings 
Revegetation 
Trial (1996/1997) 
5  
Mixed pasture species: Biloela buffel 
(Cenchrus ciliaris cv. Biloela), Bambatsi 
panic (Panicum coloratum cv. Bambatsi), 
Silk sorghum (Sorghum hybrid cv. Silk), 
Red Flinders grass (Iseilema 
vaginiflorum), Bundle (Dichanthium 
fecundum), Acacia spp. and Senna spp., 
Mixed native species: Eucalyptus spp., 
(1) Successful when a combination of 
ripping, hay and sewage sludge was applied. 
Good germination and diversity of seeded 
species, with the dominance of Iseilema 
vaginiflorum and D. fecundum, Sorghum 
hybrid. (2) No ripping = no plant growth; (3) 
a significant recruitment of Acacia spp. 
Hodge et al. 
1997 
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Acacia spp., Triodia spp., Ptilotus 
exaltatus, Atalaya hemiglauca  
And less of Eucalyptus spp. Occurred in 
response to fine hay + sewage treatment.    
13 
The interaction 
between organic 
mulches and 
sewerage sludge 
applications on 
native species 
(1996/1997) 
5  
Mixes of Eucalyptus spp., Acacia spp., 
Triodia spp., and P. exaltatus, 
Whitewood (Atatlya hemiglauca)  
14 
Rip, rock and 
sludge trial 
(1996/1997) 
5  
Mixes of Eucalyptus spp., Acacia spp. 
And Triodia spp.; P. exaltatus, Atalaya 
hemiglauca, Stylosanthes guyanensis cv. 
Schofield, Legume tree (Leucaena 
18unningham), Cenchrus ciliaris, 
Atriplex spp., White paperbark 
(Melaleuca leucodendra)  
Produced the best and most consistent 
vegetative growth of native seed mix and 
Leucaena 18unningham. Good establishment 
of Acacia salicina (salt tolerant) and 
Cenchrus ciliaris (drought tolerant). Ripping 
is necessary to minimise water stress and 
most suitable treatment for native species. 
High plant survival rates during water 
logging and summer drought. Natural 
colonisation was observed with Kapok 
(Ceiba pentandra), Ptilotus spp. And 
Tomato. 
15 
Capping tailings 
to achieve final 
rehabilitation 
(2001) 
5  
Mixed native species of local tree and 
shrubs: Atalaya hemiglauca, Eucalyptus 
spp. And Acacia spp., and ground cover 
species: Triodia spp., P. exaltatus  
In 2004, the dominant growth of Acacia 
spp., with grass spp., including Wiregrass 
(Aristida pruinosa), Cenchrus ciliaris, 
Triodia pungens. In August 2008, Acacia 
spp., Cenchrus ciliaris and Triodia spp. 
showed good growth with relatively good 
diversity of species. However ground cover 
was varied from average to low.  
Hodge et al. 
1997;  
Gravina et al. 
2004; field 
observation 
by Huang and 
Williams, 
2008; 
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Revegetation 
with native 
species  
7  
Kapok bush (Averva javanica), A. 
hemiglauca, Turpentine wattle (Acacia 
chisholmii), A. cunninghamii, Solanum 
ellipticum, Sida cunninghamii,  
No detailed description was found in the 
documents collected.  
Duff. 2001  
17 
Column leaching 
trial (since 2011) 
5, 7 
Yates, native gardens 
fertiliser mix (P content-
0.8%) 
Tubestock seedlings of A. chisholmii; P. 
exaltatus; Oldman saltbush (Atriplex 
nummularia) 
Acacia chisholmii and P. exaltatus were 
best surviving and poor growth in A. 
nummularia 
Huang et al. 
2012a 
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Despite growing in low density, P. exaltatus, Acacia spp. and Triodia spp. showed overall high 
survival rates and longevity in various trials with minimum amendment input (Huang 2009). In 
particular, A. chisholmii and P. exaltatus have demonstrated higher resistance to multiple stresses 
than the halophyte and the metal tolerant native shrub A. nummularia (Huang et al. 2012a) (case 17 
in Table 2-2). High survival rates were also observed for non-native Cenchrus ciliaris, which is 
invasive (Arriaga et al. 2004) and highly competitive with native plant species for water and nutrient 
sources. 
Although the combination of different amendments showed significant improvement in the physical 
properties of tailings, the longevity of vegetation cover and species diversity were poor. The review 
of current literature on MIM field trials concludes that the effects of N and P supply on the nature of 
nutrient requirement and uptake behaviour of the native species and its relationship to plant survival 
and growth were unclear. In summary, the inadequate growth and failure of revegetation in the past 
trials in MIM tailings were primarily caused by:  
a) inadequate supply of essential nutrients, particularly P, and/or failure to facilitate the nutrient 
cycling process for long-term nutrient supply;  
b) competition between native and non-native species (exotic forage plants and agricultural 
crops) on water and nutrient resources; weed appearance indicated inappropriate fertilisation 
and 
c) the combinations of suitable species and amendment options have not been identified for 
developing a sustainable native vegetation cover on the tailings.  
Furthermore, supplying continuous amendments and capping materials onto large scale revegetation 
trials on existing tailings impoundments at Mount Isa with a total area of 1500 ha is cost prohibitive 
at the closure of the mine.  
 
2.3 Phosphorus availability and P uptake by native plant species in high P-
fixing soils in semi-arid environments  
2.3.1 Phosphorus adsorption and transformation processes in high P-fixing soils 
 
Plant-available P is typically low in soils enriched with Fe and Al oxy/hydroxides or carbonate 
minerals (in the case of calcareous soil), which have a high P-binding capacity (Syers and Cornforth 
1983). Under the influence of plant roots and microbial activity, plant-available P is highly dynamic, 
shifting forms between solution and solid phase (Schachtman et al. 1998). In soils with high P 
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sorption, plant-available P depends on P intensity (the concentration equilibrium of soil solution P), 
quantity (the amount of easily exchangeable P between solid and solution phase) and P-fixing 
capacity (the rate that P is removed by soil organic and inorganic constituents from soil solution) 
(Gerke 2010). Soils with a high degree of weathering, such as those in Australia and Africa, or those 
with volcanic origin (e.g., Hawai and New Zealand), are often called ‘high P-fixing’ as they are rich 
in hydrous metal oxides and oxy/hydroxides (e.g., Fe and Al), which have a high affinity to bind 
soluble Pi (Walker and Syers 1976; Crews et al. 1995; Iyamuremye et al. 1996a).  
At any given time, soil P exists in P pools comprised of organic and inorganic P with different levels 
of plant availability (Figure 2-5). The most easily available P forms are regarded as the labile P pool, 
which includes Pi in soil solution, P lysed in microbial cells (Po) and/or P loosely adhered on soil and 
colloidal surfaces (Hedley et al. 1982b; Tiessen et al. 1993). Soluble inorganic and organic P reacts 
with Fe, Al oxides and humic substances, forming stable inorganic and organic compounds that are 
unavailable for immediate plant uptake (Gerke 2010). These are regarded as the moderately labile P 
pool. In most soils, sparingly soluble P pool accounts for the vast majority of soil P, which comprises 
of recalcitrant P forms that are encapsulated into inorganic minerals and/or fossilised in OM, 
becoming difficult for plants to use (Sharpley et al. 1987).  
In unfertilised native systems, soil biological activity mainly controls the intensity and quantity 
factors and P cycling (Condron et al. 1990). Microorganisms increase and decrease soil solution P 
through the mineralisation of Po in OM and immobilisation of Pi in soil solution (Stewart and Tiessen 
1987). Simultaneously, charged surfaces react with Pi in soil solution through the adsorption and 
desorption; and over time, soil minerals and hydroxyl groups on soil surfaces further react with free 
P ions, forming stable P-mineral compounds through immobilisation and precipitation (McLaughlin 
et al. 1987). In high P-fixing soils in arid and semi-arid regions, soil OM is often very low (Lajtha 
and Schlesinger 1988; Belnap 2011) and hence the litterfall becomes a major source of plant-available 
P (Vitousek 1984; Dossa et al. 2009). 
Soil P availability and dynamics are highly heterogeneous in sparsely vegetated semi-arid systems, 
which leads to higher OM accumulation (litterfall and dead roots) and more intensive biological 
transformation of P (P mineralisation) below vegetation stands than the bare soils (Turner and 
Lambert 1985; Dossa et al. 2010). For example, Dossa et al. (2010) reported high N and P availability 
and organic C contents in soil immediately beneath the plant canopy, compared with the soils outside 
the canopy. Nutrient accumulation and cycling in these types of systems is particularly high in the 
surface layers of soil (0-5 cm) - directly beneath litter accumulation and microbial activity (Bennett 
and Adams 2001). Since soil microbial activity increases with soil moisture, the available nutrients, 
particularly P fluctuate with seasonal rainfall events in semi-arid environments (Ford et al. 2007; 
 21 
Belnap 2011). Figure 2-5 illustrates the soil-plant-microbial relations tightly regulate P cycling in 
highly P-fixing soils in semi-arid environment. 
 
Figure 2-5  Phosphorus cycling in uncultivated, high P-fixing soil beneath native vegetation in semi-arid 
environments (adapted from Frossard et al. 2000).  
 
2.3.1.1 Phosphorus requirement and uptake by native plants  
 
Native plants adapted to P-deficient soils have low P requirement compared to crop and forage 
species. For example, plant species native to Australian heathland, thrive in soils with plant-available 
P (Colwell P) that normally range between 3-5 mg P/kg (Bentley et al. 1999; Bennett and Adams 
2001). In comparison, available P required for wheat to produce sufficient yield is 35 mg P/kg (by 
means of Colwell P) (Colwell 1963). Generally, foliar P concentrations for crop and forage species 
range between 0.3-0.5 % of dry mass under optimum P availability (Reuter et al. 1997). Foliar P 
concentration among various native woody and herbaceous species typically ranges between 0.02-
0.07 % of dry mass (Foulds 1993). In addition, the solution Pi equilibrium concentration at 0.02-1.27 
μM can be optimal for native plant species (Smethurst 2000; 2001), whereas the critical solution Pi 
levels for high productivity crops plant species may be as high as 25-300 μM, in order to produce 
sufficient yield (Asher and Loneragan 1967; Hinsinger 2001). In some cases, increasing solution Pi 
concentration beyond 10 μM have caused P toxicity for native woody species with low P demand due 
to their slow growth rate (Playsted et al. 2004; Shane et al. 2004). Therefore, care must be taken in 
supplying high amounts of P-fertiliser for Australian native species in remediation programs to 
prevent P-toxicity through an instantaneous increase of Pi in soil solution. 
 22 
Since plants take up Pi from the soil solution in the form of orthophosphates (e.g., H3PO4-, HPO42-) 
mostly through either mass flow or diffusion (Schachtman et al. 1998) and, P uptake is largely 
dependent on soil water availability. Soil moisture content is low in semi-arid regions due to 
evaporative moisture loss. Consequently, the diffusion coefficient of Pi in dry, weathered soils usually 
ranges between 0.3-3.3 x 10-13 m2S-1 (Clarkson 1981) and hence the transport of both inorganic and 
organic P by diffusion is extremely low for plants (Lambers et al. 2008a). Through evolution, native 
species have evolved with high P use efficiency, attributed to an adaptive root strategy to acquire P 
from soil pools of low-solubility or P bound by soil minerals (Lambers et al. 2006). 
  
2.3.2 Root characteristics of native plants enabling efficient P acquisition from 
high-P fixing soils 
 
The biogeochemical processes around the plant root system greatly influence P availability in the 
rhizosphere (Marschner 1996). In general, native plants in low-P environments enhance P uptake 
either through increasing root to soil volume ratio (e.g., long fibrous roots or mycorrhizal hyphae), 
provided the high P absorption through root surfaces (Lamont 1982; Lambers et al. 2006; 2010). The 
members of Proteaceae and Cyperaceae form specialised root systems (morphological modification) 
to acquire P in severely P-deficient soils (Lambers et al. 2010). A few Australian native species that 
do not belong to these families are capable of forming root clusters to acquire P in severely P-deficient 
soils (Skene 1998; de Campos et al. 2013b) and mycorrhizal symbiosis (Brundrett and Abbott 1991). 
In some species, such as Viminaria spp., both root clusters and mycorrhizal association can occur 
(Brundrett and Abbott 1991). To access available nutrients, roots also modify rhizosphere chemical 
properties to increase P availability from sparingly soluble P sources by exuding protons, 
carboxylates, phenolics, mucilage, and enzymes (Jones 1998; Raghothama 1999).  
 
2.3.2.1 Root morphology and mineral P acquisition  
 
Under low-P environments, native plants maintain a high root mass ratio to maximise the water and 
nutrient uptake from soils (Lamont 1982). To enhance adequate P uptake, native species from diverse 
range of families increase root length and root hairs, which combined with biochemical modifications 
of rhizosphere through the exudation of carboxylic acids (Pang et al. 2010a; Suriyagoda et al. 2010; 
2012). Some native species are equipped with specialised root mechanisms that involve modifications 
in root morphology and physiology (Lambers et al. 2006). Cluster roots (also known as proteoid 
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roots) are specifically formed by the members of Proteaceae, while the species of Cyperaceae form 
dauciform roots to increase P acquisition from soil extremely low in available P (Dinkelaker et al. 
1995; Lamont 2003). Cluster roots are characterised as dense, short lateral rootlets in brush-like 
shape, while dauciform roots consist of short, carrot-shaped lateral roots along with dense and long 
root hairs. The fine root clusters enable a higher root mass in contact with relatively low volume of 
soil, compared to the species that do not produce specialised root systems. 
Specialised roots contrast from mycorrhizal roots (Lambers et al. 2012), in which symbiotic fungal 
hyphae extend into large volumes of soil for nutrient acquisition (Bolan 1991). The root surface area 
to mass ratio in the root clusters can be 25 times the parent root (Dell et al. 1980). Root clusters not 
only increase P absorption but also enhance P mobilisation from inorganic and organic sources 
through the exudation of organic anions and mucilages (Marschner 1998).  
 
2.3.2.2 Biochemical processes in the rhizosphere  
 
To increase P availability under P limiting conditions, plants exude organic ligands (e.g., 
carboxylates, phenolics, mucilages) and enzymes to manipulate the chemical environment of the 
rhizosphere through either acidification or chelation of P-binding minerals (Jones 1998; Hinsinger 
2001). Acidification can occur through the secretion of protons (H+) and enzymes (acid-phosphatase) 
(Raghothama 1999). Carboxylates (as organic anion) carry H+, which contributes to rhizosphere 
acidification by increasing the anion/cation ratio (Jones 1998). For instance, to increase P mobility, 
Brassica napus released high amount of carboxylates, which caused a significant drop in pH (as high 
as 2.4 units) around the root surfaces due to the increased protonation (H+) (Hedley et al. 1982a). A 
similar observation was reported by Grierson and Attiwill (1989) for Banksia spp. as the pH of root 
mat soil was significantly lower than the pH of bulk soil, coupled with a higher concentration of 
soluble Pi at lower pH around the roots. However, roots can also release OH- and raise the pH in the 
rhizosphere to maintain the charge balance around the roots (e.g., increased P uptake) (Hinsinger 
2001). For example, increased acid phosphatase activity raised the pH in the process of acquiring P 
from Fe-P, Ca-P and Al-P by crops (e.g., Triticum spp. and Lupinus spp.) (Wang et al. 2010). Acacia 
spp. increased the pH of rhizosphere soil, despite releasing carboxylates in the sand medium treated 
with Fe-P (He et al. 2012).  
In addition to acidification, organic ligands reduce and form complexes with P-bearing minerals (e.g., 
chelation), which result in an increase in free P ions (Gardner et al. 1982; Bolan et al. 1997). Many 
studies reported di- and tri-carboxylic acids (e.g., oxalate, malate and citrate) were the most common 
 24 
in the rhizosphere of plants accessing Fe-P and Al-P (Grierson and Attiwill 1989; Jones 1998; 
Lambers et al. 2002) and in some instances Ca-P (Adams et al. 2002). For example, Lambers et al. 
(2002) found Al released from Al-P dissolution with organic anions released by Banksia grandis was 
complexated by citrate, which was also supported by other studies (Fox and Comerford 1990; 
Grierson 1992). However, carboxylate composition and its effects on dissolution/complexation can 
be variable depending on the stability constant of P-bearing minerals (Gardner et al. 1982). For 
example, B. grandis released higher amounts of tri-carboxylic acids when the P is supplied as Al-P 
but di-carboxylates dominated in response to Fe-P (Lambers et al. 2002).  
By comparison, the plants form cluster roots release carboxylates in much higher amounts than that 
by non-cluster-root-forming species (Lamont 1982; 2003; Shane and Lambers 2005a). The 
mechanisms of mineral-P acquisition have been well documented for model crops, such as Lupinus 
spp., (e.g., Gardner et al. 1983; Pearse et al. 2008; Wang et al. 2013) and native species with 
specialised root systems (e.g., Grierson 1992; Roelofs et al. 2001; Lambers et al. 2002). The current 
knowledge on adaptive root morphological and biochemical mechanisms of Australian native species 
implicates abilities of candidate native species to acquire P from sparingly soluble forms of P, 
resulting from fertiliser-P immobilisation by the minerals in tailings. 
 
2.3.2.3 Mycorrhizal association in P acquisition 
 
Almost all high plants in terrestrial ecosystem associate with arbuscular mycorrhizae or AM 
symbiosis, which primarily supports plants to take up essential nutrients in highly infertile soils 
(Smith et al. 2011). Plants associate with AM associations develop a in large networks of mutualism 
or hyphae, which explore large volumes of soil beyond the Pi depletion zone in the rhizosphere (Bolan 
1991; Plassard and Dell 2010). The fungal hyphae are 100 times smaller in diameter than fine roots 
of non-mycorrhizal (NM) plants (Harley 1989). This enables high root-soil surface contact and an 
increase in the absorption of P ions through the root surface, hence increasing the rate of P uptake 
from soil solution (Marschner and Dell 1994). The rate of P absorption per unit length of hyphae can 
be 2-6 times faster, compared to total root surface area (Sanders and Tinker 1973; Jacobson and Miller 
Jr 1992). The rate and the amount of Pi transferred from the AM to host plant are governed by the P 
concentration in the leaf tissue and/or the overall plant P status (Van der Heijden 2001). In a pot trial, 
AM colonisation in Acacia robeorum roots decreased with increasing P supply (He et al. 2012). In 
Australia, about 72-91% of native plants can host either AM or ectomycorrhizae (ECM) and 
sometimes associate with both in relation to P acquisition (Warcup 1980; McGee 1986; Brundrett 
and Abbott 1991). According to a survey conducted in south-western Australian eucalypt woodland 
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by Brundrett and Abbott (1991), the dual ECM/AM association is common among shrubs, although 
there was a general tendency in for overstorey trees to mostly form ECM and understorey herbaceous 
species to be associated with AM. In natural ecosystems, P storage in fungal hyphae is a common 
strategy for some native plants that enables survival through the fluctuation of solution P with soil 
moisture due to the uneven rainfall events in semi-arid regions (Handreck 1997).  
The association with ECM provides advantages over AM-only plants as ECM roots can acquire P 
from soil organic P and P in litter using acid phosphatase and exudation of low molecular weight 
organic acids (LMWOA) (Jones et al. 1998). It is assumed that plants growing in P-impoverished 
soils may benefit from AM by liberating Pi from metal-phosphates using LMWOA but the in situ 
data to support this assumption is unavailable. Nonetheless, the empirical evidences has shown that 
the AM infection to crop and forage species enhanced P uptake from sparingly soluble P sources 
through the exudation of H+, organic anions and phosphatases (Parfitt 1979; Bolan et al. 1987; 
Marschner and Dell 1994). For example, with AM inoculation Lolium rigidum and Trifolium 
subterraneum increased P uptake from crystalline Fe-P (as strengite), which enhanced increase in 
root mass and growth (Bolan et al. 1987). Mycorrhizal infection in the roots of Lolium perenne 
increased P uptake from Fe-P (as goethite) through the release of citrate and other organic ligands, 
showing that the plants can utilise P-metal bridges in high P-fixing soils (Parfitt 1979). For Trifolium 
spp., AM inoculation enabled P uptake from Al-P (AlPO4. nH2O) and highly insoluble Ca-P (e.g., 
Ca8H2(PO4)6 and Ca10(PO4)6), in which rhizosphere pH decreased as the stability of Ca-P increased 
(Yao et al. 2001).   
Mycorrhizal inoculation in mine waste materials, such as bauxite residue, successfully improved soil 
biological processes and nutrient availability to plant species (Gardner and Malajczuk 1988). 
Although AM inoculation may benefit in increasing P acquisition under highly P-fixing soils/tailings, 
it is important to consider P demand by individual species in revegetation programs. For example, 
Sharma et al. (1996) reported Acacia nilotica increased P uptake in the presence of AM but decreased 
growth when available P exceeded 10 mg P/kg. In another study, Standish et al. (2007) found AM 
inoculation enhanced P uptake in Acacia acuminata from the P-fertiliser but reduced biomass as the 
plant was unable to down-regulate the increasing P supply with the aid of AM. Conversely, in native 
soils, AM and ECM inoculation helped Eucalyptus spp. in regulating the excess P in soil solution, 
avoiding toxicity to host plants (Kariman et al. 2014). The differential responses from plant species 
in soil and mine waste material may suggest that AM functions for P acquisition in metal-enriched 
environments may coincide with the liberation of P-bearing metals at reducing pH (in the case of 
excess H+ release), elevating metal concentration in soil solution that could exceed plant tolerance 
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limits. The benefits of AM/ECM on P acquisition and P sensitivity to Australian native species in 
mine waste materials demands further investigation. 
 
2.4 Phosphorus fixation and distribution in tailings and implications for plant 
uptake  
2.4.1 Strategies to alleviate nutrient constraints in tailings 
 
Although total elemental concentration of N and P in tailings is comparable to that of highly 
weathered soils (e.g., 250-400 mg P/kg) (Wild 1958) plant availability is extremely low (0.1 and 0.3 
mg/kg) to negligible (Ye et al. 2001). Due to the absence of OM, microbial diversity is poor in tailings 
(Iverson and Maier 2009). Organic matter amendments with reasonably high N and P content can 
increase nutrient availability in tailings and have positive impacts on physical and hydraulic 
properties (Brown et al. 2003; Svendson et al. 2007). However, supplying OM amendments in large-
scale tailings impoundments is often not economically viable (Mendez and Maier 2008). Together 
with OM from various sources and nutrient composition, fertiliser application is often necessary to 
increase initial N and P supply pools in the root zone of amended tailings for the initial stages of 
vegetation establishment (Tordoff et al. 2000). Furthermore, P-fertilisers are often supplied in high 
amounts in tailings to improve P availability for plants, but without appropriate buffering soluble Pi 
can be easily lost via leaching (in the case of sandy tailings) or through immobilisation by secondary 
minerals in tailings (Kramer et al. 2000a; Brown et al. 2003). The incorporation of P-fertiliser with 
OM can reduce P sorption in high P-fixing tailings. Low quality OM (slow-decomposing) 
incorporated with P-fertiliser may be suitable in providing low-intensity P supply (slow-release P) 
for Australian native species (Guppy and McLaughlin 2009). In the long term, available N and P 
supply in the reconstructed root zone to the vegetation continuum will rely on balanced and continual 
nutrient supply and biological fixation of atmospheric N (N2). Sustainable N and P cycles in the 
remediated tailings are the function of vegetation performance (e.g., N2-fixing by legumes, P-efficient 
species, biomass production and litter fall), soil biology (e.g., functional microbes decomposing in 
situ OM and transforming nutrients), and soil chemistry (e.g., soil factors regulating nutrient forms 
and flux). 
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2.4.1.1 Fertilisation strategy to improve nutrient supply  
 
Mono-ammonium phosphate (MAP) and di-ammonium phosphate (DAP), triple-superphosphate 
(TSP), urea, gypsum, lime and industrial by-products with high N and P contents (e.g., sewage sludge) 
have been shown to be effective in improving N and P supply and have subsequently increased plant 
nutrient uptake in tailings (Hunter 1974; Ye et al. 2001; Conesa et al. 2007a). However, the quantity 
of fertilisation required to maintain N and P levels that are adequate for candidate plant species greatly 
varies in different tailings depending on tailings physic-chemical properties and the plant 
requirement. For example, P-fixation would be much higher in fine-grained tailings than coarse 
tailings (e.g., dominant sand fractions), requiring higher amounts of fertiliser (Huang et al. 2011). 
Meanwhile, native plants adapted to nutrient-poor environments have lower nutrient requirements 
(Piha et al. 1995; Brown et al. 2007) than crop plants (Eastham and Morald 2006) and the species 
native to high-fertility soils. 
 
2.4.1.2 Fate of phosphate fertilisers in tailings  
 
In base metal tailings, P-fertilisers react with minerals in the tailings, depending on the tailings 
physicochemical properties that characterised by the origin of the ore. The upper layers of tailings 
impoundments (0-50 cm) are the zone where plant roots are most likely to be present after suitable 
amendments (Smuda et al. 2008). This layer of tailings is usually unsaturated providing conditions 
for complex geochemical processes, such as dissolution and precipitation of secondary-tertiary 
minerals, and redox reactions, resulting in the liberation of ions and salts (Alpers and Blowes 1994). 
The soluble Pi concentration in tailings may be negligible after initial fertilisation, while it is still 
detectable in labile (Olsen and Colwell P) and non-labile forms (Hunter 1974; Ye et al. 2001; Brown 
et al. 2003) (Table 2-1).  
In the presence of secondary mineral oxides and oxy/hydroxides in tailings, much of the added Pi in 
fertilisers becomes unavailable for plant uptake, forming stable P-mineral compounds such as 
strengite (FePO4·2H2O), variscite (AlPO4·2H2O) and hydroxyapatite (Ca10(PO4)6(OH)2) (Hackinen 
1985). Consequently, the plant availability of fertiliser-P can be limited and hence large amounts of 
P-fertilisation may be required to maintain solution Pi adequate for candidate plant species (Tordoff 
et al. 2000). For example, the required fertiliser-P requirement predicted for Cu-Au tailings with high 
sand particles was 30 mg P/kg and 191 mg/P kg for Cu-Pb-Zn tailings dominated with silt and clay 
particles (Huang et al. 2011). This shows that the tailings of different origins, mineralogical and 
chemical properties require different fertilisation strategies to supply adequate P for candidate plant 
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species. In past studies, the combined treatments of OM and inorganic P-fertilisers resulted in 
increased growth and P uptake by crop and plant species (Hunter 1974; Brown et al. 2003). However, 
information about the effects of OM amendments on P distribution and biological transformation of 
fertiliser-P in tailings is currently scarce in the literature; such information is important for 
formulating adequate P supply for candidate native plant species adapted to low-intensity P supply. 
2.4.1.3 The risk of high fertility amendments for native plant species 
 
In the revegetation of mine waste materials with plants adapted to low-P environments, available P 
should be maintained at lower levels than the crops and plants native to highly fertile soils (Piha et 
al. 1995; Brown et al. 2007; Jones and Haynes 2011). Particularly, Australian native plants thrive in 
soils with low P availability and often are sensitive to increasing P availability from fertilisation 
(Handreck 1997; Standish et al. 2007). This reflects that the roots of these plants are unable to 
adequately regulate uptake when levels of available Pi are high, resulting in excessive transport of P 
from root to shoot and increased high leaf P concentration (Lambers et al. 2010). In soils beneath 
these native vegetation, soluble Pi is mostly contained in litterfall and the rest of the soil P is largely 
bound by sesquioxides (Al and Fe) at the top 2-3 cm (Specht 1963). Early revegetation trials in Mount 
Isa Mines (MIM) tailings reported a dominance of buffel grass in a Pb-Zn-Ag tailings capped with 
sandy material (quarry by-product) after more than 10 years (Huang 2009). This suggests a nutrient 
imbalance in poorly buffered silicate capping material, causing weed invasion and outcompeting 
slow-growing woody species, such as acacias. In addition, increasing inorganic P-fertilisers to high 
P-fixing tailings may result in an instantaneous increase in soil solution Pi, which can trigger P 
sensitivity to species favouring low-intensity P supply. However, P sensitivity can vary depending on 
native species with different P demand and the ability to increased P supply. For example, native 
woody species (e.g., Hakea spp. and Acacia spp.) are inherently slow-growing and are sensitive to a 
soluble Pi increase above 10 μM due to low leaf P accumulation capacity (Playsted et al. 2004; Shane 
et al. 2004). In contrast, some native species, such as Ptilotus polystachyus, can accumulate P in the 
shoot tissue at high concentrations without P toxicity (Ryan et al. 2009). 
2.4.1.4 Organic matter amendment strategy to improve P retention 
 
Since tailings lack ability to retain and buffer available nutrients, fertiliser-N can be lost through 
either leaching or denitrification, while soluble Pi becomes unavailable through high P-fixation by 
secondary minerals in the tailings (Hackinen 1985; Piha et al. 1995). Therefore, large volumes of P-
fertiliser are necessary in tailings revegetation programs (Tordoff et al. 2000; Mendez and Maier 
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2008). Many studies have shown that OM amendment applied in combination with P-fertilisers could 
decrease rapid P sorption by secondary minerals in highly P-fixing soils in arid and tropical regions 
(Afif et al. 1995; Iyamuremye et al. 1996a; Nziguheba et al. 1998). In the short term, OM amendment 
alters P sorption of minerals by increasing the electrostatic potential that provide competitive sites 
for P adsorption against minerals surfaces; OM decomposition products (e.g., phenols, organic 
anions) block P sorption sites, complexate P-fixing minerals (e.g., hydrous metal oxides) through 
ligand exchange and/or change surface charge balance through anion competition (extensively 
reviewed by Guppy et al. 2005b; Gerke 2010). In addition, organic ligands can promote aggregation, 
which decreases P sorption sites (surface to volume ratio) and lowers P-fixation (Guppy et al. 2005b). 
Furthermore, OM amendments stimulate biological processes in mine waste materials (Jones and 
Haynes 2011). For instance, Mendez (2007) reported compost amendment enhanced the presence of 
neutrophillic heterotroph bacteria, which subsequently increased high root colonisation in an 
abandoned Pb-Zn tailings facility. As such, OM amendments promote biological activity in highly 
inert tailings medium, which may benefit biological transformation of P among P pools with low to 
high solubility in amended tailings, which are pivotal to improve the plant availability of fertiliser-P 
in tailings. 
 
2.4.2 Tailings properties regarding P supply 
 
Metal mine tailings are hostile to vegetation growth, due to various physical, chemical and biological 
constraints, which require ecological engineering with organic and inorganic amendments and 
mechanical preparations (e.g., tilling and ripping, capillary break) (Huang et al. 2012a). The fine 
particle size, elevated concentrations of metals, metalloids, sulfides, aluminosilicates, and carbonate 
minerals, along with the absence of OM, available N/P, and diverse microbial communities, are the 
main attributes of base metal tailings in temperate humid and semi-arid regions (Lottermoser 2010). 
In arid and semi-arid systems, the geochemical weathering of surface impounded tailings is primarily 
governed by climatic conditions (e.g., low rainfall and high evaporation) and the mineralogy of the 
parent rock (Boulet and Larocque 1998; Dold and Fontboté 2001). Compared to humid and temperate 
environments, the rate of natural weathering of base metal mine tailings in an arid and semi-arid 
climate is slow due to the precipitation deficit and very limited leaching effects to flush secondary 
minerals through the profile (Dold and Fontboté 2001; Navarro et al. 2004; Conesa et al. 2006). As a 
result, the weathering of tailings can be greatly stimulated by ecological engineering options, such as 
organic and inorganic amendment and physical disturbance. 
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2.4.2.1 Physical properties and requirements for OM amendment  
 
The high percentages of fine-grain particle size in base metal mine tailings are responsible for the 
adverse physical (i.e., bulk density, aggregation and stability) and hydraulic properties (i.e., water 
retention and water infiltration), in relation to revegetation (Aubertin et al. 1996). On average, tailings 
contain 70-90 % (by dry weight) of silt and sand fraction and <10% of clay particles; grain size 
however varies among tailings, depending on ore grade and ore processing methods (crushing, 
grinding and milling) (Figure 2-6). In the literature, sand fractions tended to dominate in abandoned 
or aged tailings (Conesa et al. 2006; Carrasco et al. 2009), while silt and clay fractions accounted for 
higher percentages in freshly deposited tailings (Hansen et al. 2005; Smuda et al. 2008). As a result, 
the requirements of physical improvement (e.g., by OM amendment) in tailings may vary with tailings 
mineralogy and weathering state. 
 
 
Figure 2-6 Typical particle size distribution in Cu, Pb, Zn tailings reported in the literature(Qiu and 
Sego 2001; Ye et al. 2002; Hansen et al. 2005; Conesa et al. 2006; Mendez et al. 2007; Smuda et al. 2008; 
Carrasco et al. 2009). 
 
Despite the different ratio of sand and silt fractions, tailings typically exhibit high bulk density and 
poor hydraulic properties, leading to low water infiltration (McGregor and Blowes 2002). Aubertin 
et al. (1996) reported hydraulic conductivity and elasticity (e.g., Atterberg limits) in Cu tailings was 
relatively low compared with coal spoil and natural soil due to the fine grain size and tortuosity. 
Blowes et al. (1991) reported hydraulic conductivity in fine-grained tailings (Cu-Zn) was greater than 
tailings with higher sand fractions. In arid and semi-arid environments, evaporative moisture loss 
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often exceeds annual rainfall, which accelerates compaction in the tailings surface (Dold and Fontboté 
2001; Smuda et al. 2008). Poor hydraulic conditions in fine grained tailings implies low water 
availability and movement in the root zone, which leads to slow diffusive P uptake by plant roots. 
The application of OM incorporated with ploughing into the surface layers (root zone) of tailings can 
reduce surface compaction and improve root penetration.   
To improve hydraulic properties, plant biomass (e.g., mulches, hay, straw), biosolids, composted 
organic waste and sewage sludge have been widely used in the studies conducted in both field and 
greenhouse conditions. Wood mulches, woody debris and biolsolids significantly improved water 
retention, infiltration and aggregate formation in Cu, Pb-Zn tailings, which enhanced higher rates of 
survival and growth of native plant species (Kramer et al. 2000a; Brown et al. 2003; Read et al. 2005). 
Read et al. (2005) reported that the incorporation of woodchip mulch in Au/Cu tailings significantly 
reduced bulk density (e.g., better root penetration) and improved ground cover and water retention. 
Further to these, some studies have shown that the incorporation of OM amendments combined with 
ploughing or tilling improve water infiltration, which allows the leaching of soluble salts from the 
root zone in tailings surface layers (Ye et al. 2000). Overall, OM amendments improved soil fertility 
qualities, namely cation exchange capacity, organic carbon, total N and C:N (Ye et al. 2002; Mendez 
et al. 2007).  
The fine-grain particles in milled tailings implicates high adsorption of fertiliser-P in tailings due to 
the increased surface to volume ratio (Huang et al. 2011). The high P adsorption in tailings may be 
reduced after OM amendment as OM competes against mineral surfaces on P adsorption. 
Furthermore, organic ligands released from OM stimulate the formation of micro aggregates, leading 
to reduced surface area for P adsorption (Guppy et al. 2005a) in tailings. 
 
2.4.2.2 Geochemical and mineralogical properties of tailings in relation to P 
adsorption 
 
Formation of minerals with high P-adsorption 
 
The mineralogy in tailings is a result of complex and multiphase process, and largely depends on the 
character of the ore body, proportion of sulfides and local climate (Boulet and Larocque 1998). The 
typical mineral composition in Zn, Pb and Cu mine tailings occurs in the order of pyrite, quartz, 
chlorite, muscovite, cristobalite, epidote, gypsum, and sphalerite (Table 2-3). Among these, sulfide 
minerals, particularly pyrites, are highly acid-generating though oxidation, which is the main process 
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that leads to acid mine drainage (AMD) (Shaw et al. 1998; Santibáñez et al. 2008). In surface 
impounded tailings, the oxidation of sulfide minerals generate reducing condition, releasing salt and 
heavy metal constituents in tailings pore water (Blowes et al. 1991; Dold and Fontboté 2001; 
Lizárraga-Mendiola et al. 2009). Cyclic wetting-drying events in arid and semi-arid regions cause 
upward movement of salts (e.g., efflorescence) and enrichment of secondary minerals in the tailings 
surface through capillary movement of pore water under high evaporative deficit (Dold and Fontboté 
2001). The upper layers of surface impounded tailings (0-50 cm), where root zone reconstruction may 
occur, is usually unsaturated, providing conditions for complex geochemical processes, such as 
dissolution and precipitation of secondary-tertiary minerals, redox reactions, resulting in liberation of 
ions and salts (Alpers and Blowes 1994). The oxidation of Fe and Mn minerals in tailings increases 
P adsorption surfaces, causing rapid depletion of soluble Pi in pore water. Subsequently, the amount 
of P required to maintain plant-available P in tailings may increase due to the increased frequency in 
soluble P supply (Hackinen 1985). In order to understand the fate of fertiliser-P in tailings, it is 
important to emphasise the geochemical processes in the formation of secondary minerals that are 
responsible for P-adsorption in tailings. 
The oxidation of sulfide minerals is one of the most important geochemical reactions in base metal 
mine tailings, which causes the salt and metal release into tailing pore water and the formation of 
secondary minerals (Lottermoser 2010). Freshly deposited tailings are normally alkaline (pH=9-10) 
due to limited oxidation of sulfide minerals (Smuda et al. 2008) (Table 2-3). In the surface layers of 
tailings impoundments, sulfur is oxygenated with the atmospheric oxygen or oxygenated ground 
water, undergoing an oxidation-reduction process (Jambor 1994). Pyrite (FeS2) is the highest acid 
producing mineral in sulfidic mine tailings among other major sulfide-bearing minerals (e.g., 
chalcopyrite, bornite, molybdenite) (Dold and Fontboté 2001). Pyrite oxidation depends on primary 
and secondary mineral composition, sulfidic constituents, and abiotic (e.g., climatic and chemical) 
and biotic (e.g., bacterial) conditions (Lottermoser 2010). The following formula summarises the 
series of pyrite oxidation reactions under biotic and abiotic reactions in sulfidic tailings (Lottermoser 
2010).  
FeS2 (s) + 15/4O2 (aq) + 7/2H2O (l) → Fe(OH)3 (s) + 2H2SO4 (aq) + energy       (2.1) 
Here, oxygen from the atmosphere and tailings pore water attacks Fe constituents, forming Fe and 
produces highly protonated compounds, such as sulfuric acid (H2SO4). Furthermore, pyrite oxidation 
in tailings can be accelerated by electron exchange reactions between sulfide minerals themselves 
(Lottermoser 2010) and also by the hydrolysis of Fe(OH)3 (Dold et al. 2009). In addition, fine-grained 
tailings can be more prone to oxidation than coarser tailings if the surface comes into contact with 
water and oxygen due to the high surface area (Dold and Fontboté 2001). As a result, physical 
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disturbance and OM amendment may initially stimulate this oxidation process, generating high flux 
of Fe and sulfates and reduce pH in the pore water during the wet season.  
The acidity of the pore water generated from the tailings is related to acid neutralising capacity in the 
solid phase, which is produced by carbonate minerals, mainly calcite (CaCO3) and dolomite 
[CaMg(CO3)2] (Jambor 1994). Prolonged weathering of sulfidic tailings lowers the pH environment 
in tailings as carbonate minerals are gradually consumed in neutralisation of acids generated during 
sulfide oxidation (Jurjovec et al. 2002; Garcia-Meza et al. 2006). Indeed, in the oxidation layers of 
weathered tailings profile, carbonate minerals are often very low (Navarro et al. 2004; Conesa et al. 
2008), whereas in the freshly deposited tailings, the pyrite (0.8-1.3 %) and calcite (0.9-1.1 %) ratio is 
similar at pH 9-10 (Smuda et al. 2008). As a result, liming together with OM amendments is used to 
improve the pH conditions in the tailings for plant growth, where acidic pH is present due to pyritic 
oxidation. 
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Table 2-3 Typical minerals and pH in weathered and fresh Cu, Pb, Zn tailings in semi-arid regions. The minerals with high P binding capacity are marked 
in bold. 
Tailings type Mine/Region 
Weathering 
stage 
Major minerals, w/w% pH References 
Cu (Cerda and 
Ojancos) 
El Salvador, Chile fresh 
pyrite-6.2, secondary Cu sulphide (chalcocite and covellite), 
which replaced by chalcopyrite and bornite, jarocite, goethite, 
hematite 
7.0-8.0 
(1:1) 
Dold and Fontebote 
2002 
Cu (Caren) El Teniente, Chile fresh 
quartz, feldspar, biotite, chlorite, muscovite and gypsum, total 
carbonate as CaCO3-0.9-1.1, pyrite-0.8-1.3  
9.2-10.2 
(in wet 
tailings) 
Smuda et al. 2008 
Cu 
El Teniente, 
central-north Chile 
fresh 
quartz, calcium albite, biotite, aluminium phosphate, muscovite, 
albite, orthoclase, gypsum, brushite, ferric clinocore, copper 
sulphide 
7.1 (1:5) Hansen 2005 
Ag-Pb-Zn La Paz, Mexico weathered 
quartz and minor calcite; sulphide of the region: pyrite, 
arsenopyrite, sphalerite, galena, chalcopyrite, bornite 
nd 
Castro-Larragoitia et 
al. 1997 
Pb-Ag SA, Spain weathered 
most abundant minerals: jarocite, natro-jarocite, crystalline-
oxyhydroxide of Fe (goethite), amorphous ferric hydroxide, 
clay minerals: anglesite, alunite, gypsum at either primary and 
secondary phase; to lesser extent secondary minerals: 
plumbojarocite, langite, uklonskovite 
nd Navarro et al. 2004 
Pyritic tailings Huelva, Spain weathered 
chalcopyrite 1.4, galena 0.4-0.5, sphalerite 0.7-0.8, pyrite 58.1-
63.4 (at 0-15 cm) 
6.2-9.2 
(leachate)  
Garcia et al. 2005 
Pb-Zn-Ag 
(TD3) 
Mount Isa Mines, 
Australia 
weathered 
chalcopyrite, galena, sphalerite, gypsum, apatite, calcium nitrate, 
muscovite, orthoclase, dolomite, albite, pyrite, quartz, limonite 
(at 0-60 cm) 
6.7-7.6 
(1:5)  
Hunter. 1974 
Pb, Zn 
Leadville, 
Colorado, USA 
alluvial, 
abandoned 
galena, pyrite, sphalerite, Mn minerals 
3.0-4.0 
(1:2) 
Brown et al. 2007 
Pb, Zn 
Klondyke, Graham 
country, AZ, USA 
weathered 
(abandoned) 
major: quartz, orthoclase, feldspar, and jarosite, minor: 
plumbojarosite, goslarite (principal Pb, Zn bearing constituents) 
2.7-5.7 
(1:2) 
Mendez and Maier. 
2007  
Pb-Zn, Fe 
(Beleza) Cartagena-La 
Union, Spain 
weathered 
(water 
erosion) 
quartz, magnetite, goethite, beudantite, vermiculite, sphalerite, 
faujasite, and gypsum (at 0-40 cm) 
2.5  (1:1) 
Conesa et al. (2007; 
2008) 
Pb-Zn, Fe 
(Gorguel) 
weathered quartz, gypsum, and chlorite (at 0-40 cm) 7.0 (1:1)    
 nd-no data reported
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A diverse range of secondary minerals may be formed in high abundance from oxidation of primary 
minerals and reactions among minerals themselves in tailings. Poorly crystalline and amorphous 
oxides, hydroxide minerals tend to increase with the degree of weathering. In highly weathered 
tailings, jarocite and ferric oxide (e.g., magnetite) and hydroxides (e.g., goethite) were abundant 
(Blowes et al. 1998; Dold and Fontboté 2001). Particularly, in the surface layers of Chilean (Cu) 
tailings, the chemical weathering of pyrite (FeS2), magnetite (Fe2O3), hematite (FeO2), ankerite (Ca 
(Fe2+, Mg+, Mn2+) (CO3)2, calcite (CaCO3) and dolomite (Ca2+, Mg2+ (CO3)2) formed oxides and 
hydroxides, such as MnxO, FeOOH, Fe2O3 and Al(OH)3 (Dold and Fontboté 2001; 2002). In an 
abandoned Cu tailings in Spain, tailings minerals were predominantly at secondary phases, including 
crystalline-oxyhydroxide of Fe (γFeOOH) and amorphous ferric hydroxide (Fe(OH)3) (Navarro et al. 
2004) (Table 2-3). These minerals have a high affinity for phosphate anions and thus contribute 
largely to the high P-fixing properties of the tailings. As a result, the initial rapid adsorption and 
immobilisation of fertiliser-P are expected when applying P-fertilisers into the root zones 
reconstructed from amended tailings. 
 
2.4.2.3 Biological properties 
 
Since tailings lack of microbial communities that are commonly present in undisturbed soils, with the 
exception of Fe and S oxidising bacteria (e.g., Acidithiobacillus ferrooxidans), which are partially 
responsible for acid generation and redox condition in tailings (García et al. 2005; Dold 2010). 
Mendez et al. (2008) concluded that acidic pH and high levels of soluble heavy metals inhibited 
heterotroph microbial development in abandoned Pb-Zn tailings. As such, the biological cycling and 
transformation of P in tailings is extremely limited. However, the addition of appropriate OM 
amendments may rehabilitate the re-colonisation of microbial communities similar to natural soils. 
In previous studies, a compost amendment with high N and P contents and low C:N could increase 
microbial diversity in highly weathered Pb-Zn tailings (Mendez et al. 2007; 2008). This implies that 
appropriate OM amendments can stimulate microbial transformation of soluble Pi in amended 
tailings, however such processes will require time. Processes of organic P mineralisation and P 
transformation in soil were reviewed in Section 2.3.1. 
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2.4.3 The likely distribution of fertiliser-P and its availability for plant uptake 
in tailings 
2.4.3.1 Adsorption and immobilisation of fertiliser-P 
 
The adsorption of ions in soils is a function of available surfaces (Barrow 1972). In soils, hydrous 
metal oxides and hydroxides present specific surfaces for P anions and form stable P mineral 
compounds that are unavailable for immediate plant uptake (Gerke and Hermann 1992). The forms 
of secondary minerals reported for base metal mine tailings were mainly amorphous or poorly 
crystalline Fe, Al, Mn oxides (Dold and Fontboté 2001; Smuda et al. 2008), which have high P-fixing 
capacity. Phosphate in soil solution is most mobile at pH 7.0; P solubility declines with either 
decreasing pH below 7.0 to acidic/highly acidic or increasing pH above 7.0 to highly alkaline 
conditions, due to increased cationic activity (e.g., Al, Fe, Mn, Zn in acidic pH and Ca in alkaline pH 
conditions) (Stevenson and Cole 1999). In highly weathered acidic soils pH (<5.5) in tropical Oxisols 
and Ultisols, Fe and Al immobilisation dominates in P immobilisation (Sharpley et al. 1987; Oberson 
et al. 1999), while in calcareous alkaline soils (pH>7.0) in arid and semi-arid regions Ca-associated 
P accounts for a large proportion of other mineral-P compounds (Ryan et al. 1985b). Due to the 
oxidation of sulfide minerals (e.g., pyrite, FeS2), tailings pH can become acidic (Santibáñez et al. 
2008; Smuda et al. 2008), leading to increased levels of Fe and Al minerals and thus P-fixing capacity. 
Kramer et al. (2000b) and Brown et al. (2003) reported that the lack of available P limited plant 
growth in acidic Cu tailings (pH=3.2-4.8), despite high levels of P-fertiliser supplied. In acidic Cu 
tailings (pH <3.8) stable P-mineral compounds such as strengite (Fe-P) and variscite (Al-P) can be 
formed from the P-mineral interactions (Hackinen 1985). However tailings containing a high 
carbonate (e.g., calcite and dolomite) to pyrite ratio have a high acid neutralising capacity, particularly 
in freshly deposited tailings (Dold and Fontboté 2001), which in turn can increase Ca precipitation 
with soluble Pi from P-fertilisers (Sanchez and Uehara 1980). As a result, it is unlikely that excessive 
levels of soluble Pi will be maintained in pore waters of tailings due to P-adsorption by these minerals. 
To acquire P by surface dissolution from these mineral-P sources in the root zones of amended 
tailings, candidate native plants may need advanced root strategies to increase either P absorption 
from tailings pore water or P mobility from sparingly soluble sources. 
As decreasing particle size provides a high available surface area (surface to volume ratio) for P ions 
(Barrow 2002), finer textures leads to increased P sorption capacity in soils (Linquist et al. 1997; 
Barrow 2008). For instance, clay loam and silt loam soils have high P sorption capacity compared 
with sandy loam (Atalay 2001). In tailings, the dominance of silt and fine sand particles would 
enhance high P-fixation, coupled with high levels of mineral oxides and hydroxides (Huang et al. 
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2011). Thus, fertiliser-P would be rapidly adsorbed onto tailings surfaces, followed by a P-
immobilisation reaction with hydrous metal oxides and hydroxides. Hydrous metal oxides bind P ions 
with a strong affinity and hence P desorption/dissolution of chemisorbed P into solution would be 
very slow (Syers and Cornforth 1983). Consequently, P supply capacity in tailings will be very low, 
particularly in those dominated by silt and clay particles.  
Ultimately, the tailings amendment strategy aims to retain more fertiliser-P in labile and moderately 
labile P pools, reducing soluble Pi adsorbed into sparingly labile P pool. This may be achieved by 
adding appropriate OM amendments combined with inorganic fertiliser (Guppy and McLaughlin 
2009). Organic matter retains fertiliser-P into ‘slow-release’ form (moderately labile P pool) allowing 
long-term accessibility to plants, yet removing the potential risk of P toxicity with an immediate 
increase of soil solution P for native species adapted to low-intensity P supply (Figure 2-7). 
 
Figure 2-7 Schematic representation of likely distribution among P fractions in base metal tailings 
amended with inorganic P-fertiliser and organic matter. The effects of OM may alter fertiliser-P 
distribution in tailings through biological transformation (microbial) (Hedley et al. 1982b) humic-metal-
P complex formation (Gerke 2010).  
 
If P-fertiliser supplied in base metal tailings is combined with low quality OM (e.g., high C:N and 
with low P content), the freshly-added Pi is likely to be adsorbed to OM by Al and Fe oxy/hydroxides 
or metal bridges as occurs in highly weathered, nutrient- and OM-poor soils (Borie and Zunino 1983). 
The exchange of P between labile and moderately labile P pools will depend on plant root activity, 
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particularly the exudation of protons, organic ligands and enzymes (Hinsinger 2001). The abilities of 
native plants to acquire P from sparingly soluble P in highly P-fixing soils are discussed in the earlier 
sections (see Section 2.3.2).  
 
2.4.3.2 Phosphorus acquisition in tailings by native plants  
 
Most studies on tailings revegetation have focused on plant uptake of added N and P and the effects 
on biomass of native and introduced crops and forage plants (e.g., Hunter 1974; Ison 1977; Kramer 
et al. 2000a; 2000b; Brown et al. 2003). However P acquisition characteristics of native plant species 
in amended tailings are currently unknown. A considerable amount of literature has been published 
on the P requirements of native plant species adapted to nutrient-poor environments in relation to 
plant physiological functions and biomass production (Lamont 1982; Handreck 1997; Bell 1999). In 
recent years, the studies conducted by Lambers and his colleagues (Lambers et al. 2006; 2010; 2012) 
have provided substantial insight on the mechanisms of P acquisition and utilisation strategies by 
native species with particular interest in plants with specialised root systems for P uptake. The key 
aspects of these findings are summarised in the Section 2.3.2 of this review.  
With the adaptive root strategies to acquire P and other nutrients from highly P-fixing soils, it is 
possible that the candidate native species for tailings revegetation programs may be able to utilise 
fertiliser-P immobilised by the minerals in tailings. In the past revegetation studies in MIM tailings, 
Acacia and Ptilotus spp. have shown high survival rate and longevity and with some degree of salt 
and metal tolerance (Table 2-2). Currently, P requirements and the ability to acquire P from sparingly 
soluble sources by these species are unknown. However, recent findings in the literature suggest that 
these species are likely to access sparingly soluble P in soil (tailings) with the ability to increase root 
to soil volume ratio, coupled with root exudates (e.g., He et al. 2012; Suriyagoda et al. 2012). In some 
cases, mycorrhizal association may be possible in nutrient acquisition (Standish et al. 2007; He et al. 
2012). However, in a tailings environment, native plants may be unable to utilise the same strategy 
in P uptake due to possible physiological stresses associated with waterlogging/compaction and/or 
excess uptake of phytotoxic salt and metals. 
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2.5 Summary 
 
Direct revegetation of decommissioned tailings impoundments requires the establishment of 
conditions amenable to development of plant root systems (Huang et al. 2012a). In order to establish 
plant growth, organic and inorganic amendments are required to supply and maintain essential 
macronutrients and ameliorate impacts of salinity (Ye et al. 2001). Native plants provide a good 
option for revegetation due to their adaptation to local soil and climatic conditions (Mendez and Maier 
2008). Further, native plant ecosystem on the tailings would have a greater chance to be sustainable 
in the long term.  
The success of this approach under semi-arid subtropical climate conditions is limited by various 
environmental factors that include the absence of essential plant nutrients (N and P) and OM, poor  
physical and hydraulic properties for plant roots, salinity and availability of heavy metals and extreme 
climatic events (such as low rainfall and high evaporative moisture loss). Further to physicochemical 
constraints, the initial root development in tailings is often limited by the extremely low P availability 
(Section 2.1.2.3).  
P-fertilisation and in situ recycling will represent a viable approach for P supply in the revegetated 
plant ecosystem on the tailings. It is expected that native plant species would have efficient P uptake 
strategies to absorb soluble Pi from P-fertilisers, despite the presence of high P-fixing minerals in the 
amended tailings (Section 2.3.1.1). It is important to characterise the P reactions and P transformation 
in the tailings, to which soluble P-fertilisers are added. The tailings of MIM contain high levels of 
hydrous Al, Fe, Mn oxides and carbonate minerals, which may adsorb soluble Pi and/or form 
precipitates in solution (Section 2.4.3).  
The addition of OM combined with P-fertilisation in tailings may reduce rapid P fixation, forming a 
transitory slow-release P pool, which may be suitable for native plants adapted to low-intensity P 
supply. Meanwhile, OM can stimulate heterotroph microbial activity, which would improve nutrient 
availability and cycling in tailings (Section 2.4.3.1). The apparent P uptake efficiency in Australian 
native species highlights the possibility of an efficient P acquisition strategy in target native species 
and yet also opens unanswered questions about the biological significance of P minerals and the 
effects of OM amendments on P distribution characteristics in base metal tailings (Section 2.4.3.2). 
The efficacy of P-fertilisers in immobilising soluble metals and metalloids in tailings have been 
widely investigated (e.g., Eusden et al. 2002; Khan and Jones 2008; Lottermoser 2009; Munksgaard 
and Lottermoser 2013). However, the biological significance (in relation to P supply and plant uptake) 
of the P-mineral reaction products and its possible alteration in the presence of organic C-rich 
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materials has been overlooked. Organic matter amendments and fertilisers added to tailings can 
potentially stimulate heterotroph microbial activities, which implicate nutrient cycling and 
transformation of P-mineral compounds. 
Current knowledge can be adopted to evaluate some candidate native plants for tailings revegetation, 
but the species specific information is unavailable. Furthermore, the establishment of the native 
species in amended tailings-soil requires thorough investigation in laboratory and field situations. 
Particularly, it is uncertain whether the mechanisms that drive sustain plant growth in soils with low 
levels of solution Pi and OM remain the same in amended tailings. For the roots establishing under 
low solution Pi in tailings, the initial act may be the increase of root mass to soil volume (fine roots 
and root hair development), increasing P absorption through the root surfaces; simultaneously, roots 
can mobilise P-associated with tailings minerals through the modification of chemical properties of 
rhizosphere by exuding organic ligands (e.g., carboxylates). This mechanism seems to work in a 
majority of native species growing in highly P-fixing, P-impoverished, and highly weathered soils 
(Section 2.3.2). Nonetheless, further investigations are required to determine P acquisition 
mechanisms from sparingly soluble P forms by native plant species that have high revegetation 
potential in land reclamation programs.  
 
2.6 Research questions and thesis objectives 
 
Based on the review of literature the following questions needs to be addressed, in order to improve 
current understandings on the fate of P fertilisers in tailings and the biogeochemical implications on 
P supply and availability to target native plant species to be established in tailings in a semi-arid 
environment. These overarching research questions are: 
1. What are the soil P status and P cycling patterns in natural ecosystems, to which the candidate 
native species have adapted? 
2. Can OM amendments buffer high P sorption and hence the P-fixation in base metal tailings? 
What are the major impacts of OM amendments on fertiliser-P distribution among P pools, 
plant-available P forms and P supply capacity in tailings? 
3. Can selective native species acquire P from sparingly soluble P sources in tailings using the 
adaptive root strategies that occur in highly weathered soils? 
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4. Could efficient P uptake mechanisms be beneficial to increase biomass production of 
candidate native species under high levels of dissolved salts and metals present in tailings 
pore water? 
Based on these questions, the main objectives of this project were to investigate: 
1. Phosphorus status of soils beneath candidate native vegetation communities by separating soil 
P pools of different levels of availability to plant uptake and compare this status to the plant 
P status.  
2. Effects of OM amendment and inorganic fertilisers on P distribution and forms in tailings in 
relation to tailings chemical and mineralogical properties; 
3. Ability to utilise P from sparingly soluble P sources in tailings by candidate native plant 
species and 
4. Effects of solutes in tailings pore water on P uptake efficiency of candidate native plant 
species and the effects of rhizosphere processes on pore water characteristics. 
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Chapter 3 
3 Phosphorus distribution in surface soils beneath acacia-spinifex communities 
in a semi-arid environment 
 
3.1 Introduction 
Native plant species have been strongly advocated in phytostabilisation of mined land and mine waste 
storage facilities (e.g., tailings impoundments), due to their high adaptation to local climate and soil 
conditions, such as drought, low nutrient availability and salinity (Conesa et al. 2006; Conesa and 
Schulin 2010). Anthropogenic soils have reconstructed from mine spoils and/or tailings with some 
topsoil, has been difficult, due to the lack of organic matter (OM) and available N and P (Wong 2003), 
in addition to other abiotic stresses caused by elevated contents of heavy metals and salts in the root 
zone (Tordoff et al. 2000; Ye et al. 2002). One of the key nutrient constraints is P-limitation and P-
fertiliser addition is a common practice in the anthropogenic soil for plant establishment (Hunter 
1974; Kramer et al. 2000a; Brown et al. 2003). By comparison, native plant species in semi-arid 
environments often adapted to much lower levels of available P than crop and forage species 
(Handreck 1997). In fact, excessive P supply can cause P sensitivity to the native plants adapted to 
low-intensity P supply (Groves and Keraitis 1976; Lambers et al. 2010), which can cause poor 
revegetation outcome.  
Many native plants have been recommended for the revegetation of base metal mines in the northwest 
Queensland region, such as Acacia and Triodia spp. (spinifex) (Barrs 1999), which possess suitable 
canopy morphology and provide rapid ground cover to stabilise surfaces of mined land. However, 
there has been a lack of knowledge about what kind of P status and distribution in natural soils these 
native plant species are used to, in relation to chemical conditions in the soil. This information can 
provide the basis for the formulation of P-management strategies in the newly revegetated mined 
land. It has been known that soils in this region are highly weathered and poor in available nutrients, 
with high P-fixing minerals (such as Fe and Mn oxides, Ca) (MIM report 1984; Merry 1999). Native 
plant species such as Acacia and Triodia naturally present in the soils have demonstrated their 
adaptation to low P availability and high ability to absorb minute amounts of soluble P in the 
rhizosphere (Adams and Attiwill 1984; Grigg et al. 2008b).  
To assess soil P status in relation to the dominant vegetation community and the land use practices, 
soil P pools were divided into labile, moderately labile and sparingly labile P in a decreasing gradient 
of P availability for plant uptake (Negassa and Leinweber 2009). Labile P comprises inorganic P (Pi) 
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that is immediately available for plant uptake and which occurs in the soil solution or loosely adsorbed 
on soil particles, which are reversible as solution P depletes (Hedley et al. 1982b; Hue 1991). A 
significant amount of soil P is lysed in microbial cells, which re-supplies Pi into soil solution as 
microorganisms die and hence microbial biomass P belongs to labile P pool (Hedley and Stewart 
1982). Moderately labile P resembles P chemisorbed to soil surfaces and soil organic constituents 
through Fe and Al oxides and oxy/hydroxides, which are unavailable for immediate plant uptake 
(Sharpley et al. 1987). Residual or sparingly labile P pool includes P that is occluded to soil minerals 
and/or the most stable organic P as a result of soil weathering (Beauchemin et al. 2003). Therefore, it 
is useful to identify the P distribution among these mineral-P pools. Soil factors affecting P 
distribution in solid phase are not only soil minerals, but also soil OM (Levesque and Schnitzer 1967). 
Soil OM derived from plant litter and root residues is an important regulator of soil P availability for 
plant uptake, through mineralisation process (Moroni and Smethurst 2003). Therefore, it is important 
to know how much P is distributed in the organic P pools, which may be mineralised for plant uptake.  
Based on the current knowledge, it was hypothesised that native plant species naturally colonising 
the highly infertile and mineralised soils in Mount Isa regions may be equipped with efficient root 
strategies to acquire P and sustain growth, although slow, which would enable them to explore the 
moderately to sparingly soluble P-minerals in amended tailings when they are used in revegetation. 
The present study aimed to characterise P distribution among P pools in highly mineralised soil 
beneath a natural acacia-spinifex community, which is typically wide spread around the mine land in 
Mount Isa, northwest Queensland. This kind of plant communities can be re-established in mine 
tailings for permanent vegetation capping (Huang 2009). The objectives of this study were to (i) 
determine soil P status and P distribution among various P pools of different plant availability in the 
surface soil (0-20 cm) beneath the mono-dominance stands of A. chisholmii and T. pungens and (ii) 
assess the difference in soil P distribution among soil P fractions between bare soil and the soil 
beneath native grass stands of T. pungens. 
 
3.2 Materials and methods 
3.2.1 Study site and soil and plant sampling  
George Fisher alluvial plain is located 26 km north of Mount Isa Mine (MIM) tailings impoundments, 
northwest Queensland, Australia (7728002 N; 341606 E). The climate is sub-tropical and semi-arid. 
Long-term annual rainfall is about 450-500 mm and majority of that occurs during monsoonal season 
in December to February (See Figure 2-3 in Chapter 2). Mean monthly maximum temperature ranges 
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from 24 ºC (July) to 37 ºC (December and January) and mean minimum temperature range from 22 
ºC (July) to 30-34 ºC (December and January) (See Figures A 2-1 and A 2-2 for long term annual 
maximum and minimum temperature). The study site is a habitat for key native species for the 
revegetation of tailings impoundments in Mount Isa. The dominant vegetation is low, open woodland 
(eucalypt-acacia) in combination with tussock grassland (mixture of Triodia and Astrebla spp.) (Perry 
et al. 1964a; Specht and Specht 1999). Soil in Mount Isa region derived from Tertiary low level 
laterite calcareous group, which formed on the basaltic and granitic rock (Christian 1954).  
 
   
Figure 3-1 Soil sampling site in George Fisher alluvial plain (a) and an example of sampling point for 
‘bare’ soil near the stands of Triodia pungens (b) 
The soil samples were collected in two separate batches in June 2011 and May 2012 (Figure 3-1). A 
total of 27 samples were collected (3 depth x 3 replicates x 3 locations) in each sampling batch. Soil 
samples were taken from beneath T. pungens hummocks and nearby bare ground at the depths (cm) 
of 0-10, 10-20 and 20-30. The distance between the plant stands and the bare ground was 50 cm. A 
separate set of samples were collected from the basal area directly beneath mono-dominance stands 
of A. chisholmii and T. pungens at the depths (cm) of 0-5, 5-10 and 10-20. In both sampling, green 
leaves consisting of both young and mature leaves of both species were sampled from their upper and 
outer canopies. Leaf samples were pooled from 3-5 individual plants at each site. Litter samples were 
collected from the base of A. chisholmii and T. pungens stands. The two different sampling regimes 
(depth) were conducted as collection of soils beneath Acacia and Triodia spp. were designed to 
capture the P status more closely related to the rhizosphere processes and litter input to soil P pools; 
hence the selection of 0-5 cm depth. The comparison between bare soil and soil beneath T. pungens 
stands was to confirm that the overall soil P dynamics in arid and semi-arid environments can depend 
on the patchy vegetation and concomitant OM accumulation; hence the 0-10 cm depth was adequate 
for this purpose. The paired sampling of soils (e.g., beneath T. pungens and bare ground) was 
(a) (b) 
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conducted at three random spots within a 10 m x 10 m area. These sampling locations are identified 
as ‘plant’ and ‘bare’ further on. Foliar samples were rinsed with deionised water three times to 
remove adhered soil materials and blot-dried with tissue paper. Soil and plant samples were stored at 
4°C until transported to the laboratory for further processing.   
 
3.2.2 Analytical methods 
3.2.2.1 Chemical analyses for soil and plant samples   
 
Soil samples were oven-dried at 45°C for 72 hours and the fraction passing through a 2.0 mm stainless 
steel sieve prior to chemical analysis. Moisture content in the air-dry soils was measured for soil 
weight correction when calculating P and total organic carbon (TOC) concentrations. Soil pH and 
electrical conductivity (EC) were measured in a soil : water suspension (1:5) as described in methods 
by Rayment and Lyons (2011). Total cation exchange capacity (CEC) was measured by the 0.01 M 
silver thiourea (AgTU+) method (Rayment and Lyons 2011). Exchangeable cations, reactive Fe, Al, 
NH4-N, NO3-N, P-buffering index, Colwell-K analyses were conducted according to the methods 
described by Rayment and Lyons (2011). Total organic carbon (TOC) was analysed by the Heanes 
method (Heanes 1984) and a separate batch of samples was fumigated with CHCl3. The difference 
between ‘fumigated’ and ‘non-fumigated’ samples were defined using microbial biomass carbon 
(MBC) as it calculates MBC=TOCfum – TOCnon-fum (You 2012).  
Plant and litter samples were oven-dried at 65°C for 48 hours and ground with a hammer-mill to pass 
through 0.2 mm sieve. Two hundred milligrams of powdered plant samples were digested in open-
vessel microwave (Milestone S.r.l, Italy) with concentrated nitric acid (HNO3, 70 %) and hydrogen 
peroxide (H2O2, 30 %) (Huang et al. 2004). Apple leaves (USA-NIST 1515) were included in 
digestion as a digestion reference and powdered leaves of T. pungens were used an internal quality 
control. Digested samples were diluted up to volume with Millipore water and analysed for the 
concentrations of total P and major elements, by means of inductively coupled plasma optical 
emission spectrometry (ICP-OES, Perkin Elmer Optima 3300 DV, USA). All chemical and physical 
analyses were conducted in triplicate of soil samples. 
 
3.2.2.2 Phosphorus sequential fractionation  
The sequential P fractionation was carried out according to the Hedley (1982b) procedure, which has 
been widely used to assess P availability in soils in relation to soil chemical properties and land use 
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practices (Potter et al. 1991; Levy and Schlesinger 1999; Turner et al. 2003; Wang et al. 2007). The 
fractionation procedure is summarised in Figure 3-2. Briefly, aliquots (2.0 g) of air-dry soil samples 
(sieved <2.0 mm) were equilibrated with the corresponding reagents (soil solution ratio, 1:20) on an 
orbital shaker (Thermo scientific) at 100 rpm for 16 hours. After each extraction samples were 
centrifuged at 3500 rpm for 15 min and filtered through 0.45 µm high-flow syringe filter to collect 
the filtrates for P analysis. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
    
  
Figure 3-2 Sequential fractionation scheme for P analyses in the soil samples [modified from Hedley et 
al. (1982b)]. 
Air-dry soil (2.0 g) in 
50 mL centrifuge tube 
40 mL Millipore water, 
shaken 16 hrs, 
centrifuged  
40 mL 0.5 M NaHCO3 
(pH 8.5) shaken 16 hrs, 
centrifuged 
40 mL 0.1 M NaOH, 
shaken 16 hrs, 
centrifuged 
Residue washed 
with Millipore 
water  
Residue digested with 
aqua-regia (HNO3:HCl, 
1:3) 
Residue washed 
with Millipore 
water  
Residual 
NaHCO3-Pi 
H2O-Pi 
Aliquot analysed by ICP-
OES for TDP. 
Po= TDP-Pi 
Aliquot analysed by ICP-
OES for TDP. 
Po= TDP-Pi 
NaOH-Pi Moderately Labile 
Pi and Po (plant 
accessible Pi and 
Po) 
Sparingly Labile P 
(fixed to mineral 
surfaces) 
Labile (Colwell) 
Pi and Po (plant- 
available Pi and 
Po) 
Soil solution Pi 
Directly available 
for plant uptake  
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For separating low-soluble P forms in top soil beneath A. chisholmii and T. pungens, the P 
fractionation scheme included HCl-P (1.0 M) or Ca-associated P extraction after 0.1 M NaOH 
extraction. 
3.2.2.3 Extraction and determination of inorganic and organic P 
 
Soluble inorganic P (Pi) in the clear supernatant of extracting solution aliquots was analysed by the 
Murphy and Riley (1962) procedure, using a UV-Spectrometer (Shimadzu UV-1700) after the 
solution pH adjusted to 5.5 with dilute HCl and the ammonium-molybdate reaction gave rise to a blue 
colour (absorbance at 882 nm). Samples that precipitated humic compounds after pH adjustment were 
filtered (0.45µm) and Pi was measured in clear supernatant. Total dissolved P (TDP) in NaHCO3 and 
NaOH extracts (0.45µm filtered) was determined by means of ICP-OES (Phillips and Sheehan 2005; 
Wagdi et al. 2013). Phytic acid (C6H18O24P6, Sigma Aldrich, >98 % purity) and phenylphosphonic 
acid (C6H5P(O)(OH)2, Sigma Aldrich, >98 % purity) were included as organic P standards for the 
analyses by means of ICP-OES (Perkin Elmer Optima 3300 DV, USA). Organic P fraction (Po) was 
calculated as the difference between TDP and Pi (Po=TDP – Pi). At the end of sequential P 
extractions, sample residues were digested in concentrated aqua regia (conc. HNO3 : HCl, 1:3 v/v) on 
a hot-plate at 140˚C for 3 hours (Zarcinas and Cartwright 1983). The digested residue mix was diluted 
to a required volume using 0.1% HNO3. Each batch included standard soil material ‘Montana 2711a’ 
(NIST 2010) was included in all digestions. The digest solution was analysed for total P (TP), by 
means of ICP-OES. 
Easily mineralisable P in the labile P pool was calculated as described in Cross and Schlesinger 
(2001). 
Easily mineralisable P = NaHCO3-Po / (NaHCO3-Pi+Po+CaCl2-Pi)*100   (3.1) 
 
3.2.3 Statistical analysis 
 
Soil P fractions beneath A. chisholmii and T. pungens were analysed by two-way ANOVA (‘Species’ 
x ‘Soil depth’) using Genstat version 14.0 (VSN International 2011). Fisher’s protected least 
significant difference (LSD, p<0.05) test was performed to assess whether grass and shrub species 
cause differences in soil P fractions. A simple linear regression was performed to assess the 
relationship between soil chemical properties and P fractions. The interdependence of P fractions in 
the soils beneath the grass and shrub stands was assessed by simple correlation.  
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3.3 Results  
3.3.1 Soil chemical properties beneath different plant species  
 
Soil chemical properties are summarised in Table 3-1. Generally, surface soil beneath acacia-spinifex 
communities was mildly alkaline, low in plant-available N and P and cation exchange capacity. 
Phosphorus buffering index was low, although reactive Fe and Al concentrations were high. The 
concentrations of TOC and MBC, and available macronutrients (e.g., N, P, K) were the highest in the 
surface layer (0-5 cm), with decreasing trend with depth. Comparatively, cation exchange capacity 
(CEC), the concentrations of TOC, MBC and available N, P and K in the soil beneath T. pungens 
were significantly higher than A. chisholmii. Soil beneath A. chisholmii stands, however, contained 
higher concentrations of reactive Fe and Al than that beneath T. pungens, but with similar P-buffering 
index (PBI).    
 49 
Table 3-1 Chemical properties of surface soils at the depth (cm) of 0-5, 5-10 and 20-30 beneath mono-dominance stands of Acacia chisholmii and Triodia 
pungens on the George Fisher alluvial plain. Data are presented as means of three replicates (n=3). 
Properties 
Species and soil depth LSD0.05 
0-5 cm 5-10 cm 10-20 cm 
Species Soil depth Acacia 
chisholmii 
Triodia 
pungens 
Acacia 
chisholmii 
Triodia 
pungens 
Acacia 
chisholmii 
Triodia 
pungens 
pH1:5 7.5 7.2 7.6 7.2 7.4 7.3 *** 0.09 ns 0.11 
EC1:5 (μS/cm) 52 71 48 61 47 56 *** 5.61 ns 6.87 
TOC (g/kg) 13 24 12 20 10 14 *** 2.26 *** 2.76 
MBC (µg/g) 257 437 75 182 39 84 *** 52.8 *** 64.6 
TN (g/kg) 0.5 0.9 0.5 0.7 0.4 0.5 ** 0.13 ns 0.16 
C : N 26 29 22 30 22 27 ns 6.03 ns 7.38 
NH4-N (mg/kg) 2.5 3.3 2.0 2.7 2.3 2.0 ns 0.52 ns 0.63 
NO3-N (mg/kg) <1 < 1 <1 < 1 <1 < 1  -  - 
Total P (mg/kg) 428 347 303 281 279 232 ns 56.33 * 59.75 
Colwell K (mg/kg) 225 305 173 178 98 105 ns 33.37 *** 40.87 
CEC and Exch.cations  
(cmol+/kg) 
6.5 15 6.6 10.4 6.8 9.7 *** 2.54 
ns 
3.12 
Al+ 0.02 0.01 0.02 0.00 0.03 0.01 *** 0.01 ns 0.01 
Ca+ 4.1 11.8 4.3 7.9 4.5 7.1 *** 2.28 ns 2.80 
Mg+ 2.0 2.5 1.8 2.1 2.0 2.4 ns 0.49 ns 0.60 
K+ 0.4 0.7 0.4 0.4 0.2 0.2 * 0.08 *** 0.10 
Na+ 0.01 0.02 0.01 0.02 0.02 0.02 ns 0.01 ns 0.01 
P-buffering index (PBI) 
27 32 23 20 22 24 ns 5.20 * 6.37 
Fe+ (mg/kg) 710 669 686 529 588 459 ** 226.50 ** 277.50 
Al+ (mg/kg) 2036 1795 2096 1687 2417 1651 *** 76.90 ns 94.20 
               *p≤ 0.05; **p≤ 0.01; ***p≤ 0.001; ns-not significant 
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3.3.2 Soil P distribution in different pools 
 
The distribution of P fractions in the topsoil beneath A. chisholmii and T. pungens followed a similar 
order: Residual-P > HCl-P ≥ NaOH-Po > NaHCO3-Po > NaOH-Pi > NaHCO3-Pi > CaCl2-Pi. Total 
and fractional P concentrations in the topsoil beneath the stands of A. chisholmii and T. pungens were 
concentrated in the surface soil (0-5 cm), with a declining trend at increasing depth from 0-5 to 10-
20 cm. In the surface layer (0-5 cm) beneath A. chisholmii and T. pungens, the sum of labile P (CaCl2-
Pi, NaHCO3-Pi, Po), moderately labile P (NaOH-Pi, Po) and non-recalcitrant P (HCl-Pi) pools 
accounted 20 % and 35.5 % of soil total P respectively (Figure 3-3). Organic P accounted for 67 %, 
67 % and 39 % of the labile and moderately labile P pools at 0-5 cm, 5-10 and 10-20 cm of the topsoil 
beneath T. pungens respectively; and 42 % and 27 % and 38 % beneath A. chisholmii respectively. 
Where there were higher percentages of labile and moderately labile P pools, residual or strongly 
immobile P fraction was about 20 % lower in the soils beneath T. pungens stands, than that in the A. 
chisholmii stands (Figure A 3-1). 
Plant-available P or labile P pool comprised of CaCl2-Pi, NaHCO3-Pi, Po fractions (Hedley et al. 
1982b), which were distributed with the highest proportion in the top 0-5 cm of surface soil beneath 
the stands of both species (Figure 3-3). The proportion of labile P pool in the total soil P was much 
higher in the soil (0-5 cm) beneath T. pungens stands, than A. chisholmii as it accounted for 6.8 % 
and 2.3 % of total P respectively (Figure 3-3). In particular, labile P was largely NaHCO3-Po (4.2 % 
of total P) in soils beneath T. pungens but not for A. chisholmii (NaHCO3-Po <1 % of total P). Labile 
P was much lower in the topsoil (0-5 cm) beneath A. chisholmii, comprising 2.3 % of total P with low 
levels of NaHCO3-Po (1.0 % of TP). At the time of sampling, the levels of readily available P (CaCl2–
Pi) was very low (0.1-0.6 mg P/kg) in the soils beneath both species, though its concentration in soil 
with T. pungens was higher than with A. chisholmii. As part of the labile P pool, the concentration of 
NaHCO3-Pi were 5.5 and 7.0 mg P/kg (1.4-2.0 % of total P) in soils beneath A. chisholmii and T. 
pungens soils, respectively (Table 3-2). The NaHCO3-Po concentration beneath T. pungens sharply 
decreased with increasing soil depth from 0-5 cm to 0-20 cm (Figure 3-3). This reduction in NaHCO3-
Po concentration with soil depth was much smaller in soils beneath A. chisholmii. In the top 0-5 cm 
of soil beneath T. pungens, NaHCO3-Po:Pi ratio was 2:1, whereas beneath A. chisholmii the ratio was 
equal (1:1). 
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Figure 3-3 Percentage of labile (NaHCO3-P), moderately labile (NaOH-P) and non-recalcitrant P (HCl) 
pools within in total P in topsoil beneath mono-dominance stands of Acacia chisholmii and Triodia 
pungens (%) at the depth (cm) of 0-5, 5-10 and 10-20. ‘Total labile Pi” is sum of CaCl2-Pi and NaHCO3-
Pi. 
 
In the soils examined in this study, P associated with organo-mineral complexes (NaOH-Po) was 
generally the second largest P pool after HCl-P, followed by Fe and Al hydrous oxides (NaOH-Pi) in 
the case of A. chisholmii soil. In general, soils beneath T. pungens had higher concentrations of 
NaOH-Pi and Po than A. chisholmii soils in the top 0-5 cm (Table 3-2). The NaOH-Po fraction 
dominated the moderately labile P pool since Po:Pi was 5:1 beneath both species. In the top 0-5 cm 
of the soil profile beneath T. pungens, 15 % of total P was found in the fraction of HCl-P, but 8.2 % 
in soils beneath A. chisholmii. The HCl-P concentration in soil beneath T. pungens decreased 
dramatically with increasing soil depth. However this steep decline was not observed in the soil 
profile of A. chisholmii (Table 3-2).  
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Table 3-2 Concentration of P fractions (mg P/kg) in soils beneath mono-dominance stands of Acacia chisholmii and Triodia pungens at the depth (cm) of 0-5, 
5-10 and 10-20. Data are presented as means ± standard error of means (SEM) (n=3). 
Species 
Soil 
Depth 
(cm) 
P fractions (mg/kg) 
Po:Labile P§ 
CaCl2 NaHCO3 NaOH HCl  Residual-P Total P 
Pi Pi Po Pi Po P   % 
Acacia 
chisholmii 
0-5 0.1 ± 0.0 5.5 ± 0.2 4.1 ± 1.7 5.4 ± 0.2 31.8 ± 0.1 33.3 ± 0.4 347.9 ± 68.4 428.1 ± 63.3 42.2 
5-10 0.2 ± 0.1 4.7 ± 0.5 1.8 ± 1.1 4.7 ± 0.6 20.2 ± 1.0 10.3 ± 1.4 261.4 ± 13.4 303.2 ± 12.7 27.2 
10-20 0.2 ± 0.0 3.2 ± 0.2 2.1 ± 0.2 5.3 ± 0.1 9.3 ± 0.6 21.5 ± 8.0 237.3 ± 4.1 278.8 ± 11.7 38.6 
           
Triodia 
pungens 
0-5 0.6 ± 0.1 7.0  ± 1.8 15.6 ± 2.1 8.8 ± 2.4 38.6 ± 5.5 50.4 ± 3.7 226.4 ± 34.0 347.3 ± 41.2 67.2 
5-10 0.7 ± 0.1 4.2  ± 0.8 10.1 ± 1.0 8.9 ± 1.8 15.5 ± 1.6 21.6 ± 4.5 220.3 ± 30.4 281.4 ± 35.4 67.2 
10-20 0.1 ± 0.1 4.1 ± 0.2 2.7 ± 1.3 4.0 ± 0.7 8.8 ± 1.6 12.4 ± 3.0 291.2 ± 43.2 232.4 ± 44.0 38.9 
Significance 
of 
difference 
Species *** ns *** ns ns ns ns ns   
Depth *** ** *** ** *** *** ns *   
LSD 
(p<0.05) 
Species 0.17 1.41 2.52 2.27 4.39 6.63 4.61 56.33   
Depth 0.18 1.5 2.67 2.41 2.29 7.03 4.9 59.75   
*p≤ 0.05; **p≤ 0.01; ***p≤ 0.001; ns- not significant 
§Easily mineralisable P (see formula 3.1). 
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In Table 3-3, in soils beneath A. chisholmii, about 50 % of the variation in NaHCO3-Pi was predicted 
to be caused by Al+ (p<0.05), TOC (p<0.04) and total P (p<0.05). It is apparent that soil organic and 
MBC may be controlling the Po fractions in NaHCO3-P and NaOH-P pools but the statistical 
significance of this model was negligible (Table 3-4). Possible influences from MBC on NaOH-Po, 
HCl-P and residual-P pools were also observed for A. chisholmii soil.   
 
Table 3-3 Regression coefficients for predicting the effects of soil chemical properties on the P fractions 
in topsoil (0-20 cm) beneath the mono-dominance stands of Acacia chisholmii and Triodia pungens. The 
numbers in bold presented high probability to fit in linear model. 
 
Species P fractions 
Soil properties 
Fe+ Al+ TOC MBC Total P 
Acacia chisholmii 
CaCl2-Pi 0.394 0.087 0.026 0.116 0.240 
NaHCO3-Pi 0.103 0.519* 0.507* 0.698 0.005 
NaHCO3-Po 0.116 0.016 0.020 0.503 0.502 
NaOH-Pi 0.291 0.295 0.045 0.063 0.145 
NaOH-Po 0.288 0.295 0.638 0.749 0.483 
HCl-P 0.102 0.019 0.298 0.597 0.289 
Residual-P 0.430 0.054 0.303 0.711 0.972 
       
Triodia pungens 
CaCl2-Pi 0.177 0.211 0.464 0.200 0.011 
NaHCO3-Pi 0.224 0.790 0.462 0.343 0.498 
NaHCO3-Po 0.779 0.344 0.912 0.862 0.041 
NaOH-Pi 0.257 0.417 0.702 0.275 0.158 
NaOH-Po 0.818 0.274 0.642 0.928 0.047 
HCl-P 0.692 0.455 0.760 0.829 0.218 
Residual-P 0.053 0.075 0.037 0.054 0.682 
       *p≤0.05 
Despite lacking in statistical significance in all predicted models, the majority of variations in Po 
fractions (NaHCO3 and NaOH) and low-soluble Pi fractions (NaOH and HCl) in soil beneath T. 
pungens could possibly be explained by the organic and MBC. Furthermore, reactive Fe could be 
responsible for the concentrations of Po fractions and HCl-P in soil beneath T. pungens. Exchangeable 
Ca+ and Mg+ were assessed in relation to the HCl-P pool but these did not fit in linear regression 
model (data not shown). 
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Table 3-4 Summary of regression statistics 
Species P fractions 
Adjusted 
R2 
Sig. 
P-values 
Fe+ Al+ TOC MBC Total P 
Acacia chisholmii 
CaCl2-Pi -3.47 0.98 0.93 0.99 0.97 0.97 0.96 
NaHCO3-Pi 1.00 0.03 0.07 0.05 0.04 0.06 0.05 
NaHCO3-Po -0.32 0.72 0.66 0.77 0.43 0.60 0.69 
NaOH-Pi -3.21 0.97 0.93 0.96 0.94 0.97 0.94 
NaOH-Po 0.92 0.20 0.83 0.51 0.50 0.82 0.60 
HCl-P 0.85 0.27 0.49 0.99 0.24 0.32 0.32 
Residual-P 0.99 0.06 0.48 0.77 0.32 0.38 0.14 
Triodia pungens 
CaCl2-Pi 0.04 0.64 0.46 0.46 0.42 0.79 0.48 
NaHCO3-Pi 0.47 0.50 0.59 0.48 0.60 0.70 0.57 
NaHCO3-Po 0.86 0.26 0.77 0.74 0.64 0.52 0.77 
NaOH-Pi -0.71 0.79 0.95 0.80 0.86 0.84 0.96 
NaOH-Po 0.90 0.23 0.63 0.58 0.60 0.42 0.65 
HCl-P 0.97 0.12 0.97 0.38 0.96 0.22 0.74 
Residual-P 1.00 0.04 0.59 0.47 0.67 0.15 0.18 
 Sig. – significance at p≤0.05 
There was a strong positive correlation between labile Pi and other Pi and Po fractions in topsoil 
beneath T. pungens, which may be indicating that the labile Pi could be replenished from NaOH-Pi 
and HCl-Pi fractions (R2= 0.724 and 0.752), rather than the Po fractions in NaHCO3- and NaOH-P 
pools. For A. chisholmii soils, however, the re-supply of plant-available Pi may come from NaOH-
Po (R2=0.801), although HCl-P and residual-P showed weak correlations with labile Pi (Table 3-5).  
 
Table 3-5 Correlation coefficients for the interdependence between P available or Labile Pi (CaCl2-Pi + 
NaHCO3-Pi) and low-soluble P fractions in soil (0-20 cm) beneath the mono-dominance stands of Acacia 
chisholmii and Triodia pungens. 
P fractions 
Labile Pi 
Triodia pungens Acacia chisholmii 
NaHCO3-Po 0.507 0.120 
NaOH-Pi 0.724 -0.265 
NaOH-Po 0.425 0.801 
HCl-P 0.752 0.325 
Residual-P 0.241 0.421 
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Foliage P concentrations were similar between A. chisholmii and T. pungens, ranged between 0.4-0.5 
mg/g dry mass, but P concentration in the litter dry mass collected from the stands of T. pungens was 
lower than that of A. chisholmii (Figure 3-4).  
  
Figure 3-4 Phosphorus concentrations in leaf and litter dry mass of Acacia chisholmii (white bars) and 
Triodia pungens (dark grey bars). Data are presented as means ± SEM (n=3). 
 
3.3.3 Effects of vegetation stands on soil properties and P distribution 
 
The overall soil chemical properties beneath T. pungens canopy and bare-ground were similar (Table 
3-6), with the exception of TOC and MBC, which were significantly higher beneath T. pungens 
canopy. In addition, available N (mainly NO3-N) and P concentrations were much higher in the 
topsoil of bare ground. In comparison to that, the topsoil soil (0-30 cm) beneath T. pungens presented 
significantly high concentrations of reactive Fe (Table 3-6).  
The main difference in soil P distribution between bare soil and the soil beneath vegetation was 
attributed to the Po fractions. Concentrations of both the NaHCO3-Po and NaOH-Po fractions were 
high in soils beneath the stands of T. pungens but NaHCO3-Pi and NaOH-Pi fractions were low, 
compared with those in bare soil (Table 3-7). The differences had persisted throughout the soil profile 
to 30 cm for both sites (e.g., bare and plant). 
0.00
0.10
0.20
0.30
0.40
0.50
0.60
Leaves Litter
P,
 m
g/
g 
D
M
Acacia chisholmii Triodia pungens
 56 
Table 3-6 Chemical properties of topsoil at the depth (cm) of 0-10, 5-10 and 20-30 beneath the stands of Triodia pungens (‘Plant’) and a bare soil outside the 
T. pungens stands (‘Bare’) in George Fisher alluvial plain. Data are presented as means of three replicates. 
 
Properties 
Sampling point and soil depth LSD0.05 
0-10 cm 10-20 cm 20-30 cm 
Sampling point Soil depth 
Bare Plant Bare Plant Bare Plant 
pH1:5 6.5 6.4 6.1 7.0 6.1 7.1 * 0.5 ns 0.6 
EC1:5 (mS/cm) 52 50 98 15 265 16 * 94.0 ns 115.0 
TOC (g/kg) 9 10 6 8 5 6 ns 11.3 *** 13.9 
MBC (µg/g) 31 55 15 19 14 14 * 1.5 ** 1.9 
NH4-N (mg/kg) 6.0 4.3 4.7 2.3 1.7 2.7 ns 3.5 ns 4.3 
NO3-N (mg/kg) 19.0 - 26.3 - 40.3 - - - - - 
Total-P (mg/kg) 320 335 325 302 335 362 ns ns ns  
Colwell-K (mg/kg) 485 437 376 471 333 411 ns 58.0 ns 70.9 
CEC (cmol+/kg) 8.4 7.5 10.8 9.2 13.4 12.0 ns 3.1 ns 3.8 
Fe+ (mg/kg) 577 707 608 756 694 814 ** 75.9 ns 93.0 
Al+ (mg/kg) 1918 1988 1826 2057 1828 2049 ns 178.3 ns 218.4 
       *p≤ 0.05; **p≤ 0.01; ***p≤ 0.001; ns-not significant;  
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Table 3-7 Concentration of P fractions (mg/kg) in topsoil at the depth (cm) of 0-10, 5-10 and 20-30 beneath a stands of Triodia pungens (‘Plant’) compared 
with bare soil outside the T. pungens stands (‘Bare’) in George Fisher alluvial plain. Data are presented as means ± SEM (n=3). 
P fractions 
Soil depth and sampling point LSD0.05 
0-10 cm 10-20 cm 20-30 cm 
Sampling point Depth 
Bare Plant Bare Plant Bare Plant 
NaHCO3-Pi 6.1 ± 0.9 3.5 ± 0.6 2.3 ± 0.3 1.8 ± 0.3 1.5 ± 0.4 1.5 ± 0.1 * 1.1 *** 1.3 
NaHCO3-Po 2.2 ± 0.4 4.2 ± 0.2 3.0 ± 0.1 3.7 ± 0.2 2.2 ± 0.4 3.7 ± 0.3 *** 0.6 ns 0.7 
NaOH-Pi 16.6 ± 2.2 13.4 ± 0.8 12.4 ± 1.0 9.4 ± 1.7 9.7 ± 1.4 8.7 ± 0.9 * 2.4 ** 2.9 
NaOH-Po 9.6 ± 0.9 14.7 ± 1.4 8.9 ± 1.3 14.9 ± 1.2 9.1 ± 0.4 13.7 ± 2.0 *** 2.1 ns 2.6 
Residual-P 300.3 ± 34 326.3 ± 68 298.1 ± 68 272.1 ± 3.7 297.3 ± 57 307.8 ± 75 ns 92.8 ns 116.7 
Total Pi 22.7 ± 2.7 16.9  ± 1.4 14.7 ± 1.3 11.2 ± 2.1 11.2 ± 1.8 10.2 ± 0.8 * 3.1 *** 3.8 
Total Po 11.8 ± 1.2 18.9  ± 1.5 11.9 ± 1.4 18.6 ± 2.4 11.3 ± 0.8 17.4 ± 2.3 *** 2.3 ns 2.8 
Pi : Po 2 1 1 1 1 1         
  * p≤ 0.05; ** p≤ 0.01; *** p≤ 0.001; ns-not significant 
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3.4 Discussion 
The present findings indicated that the distribution of soil P into different fractions with varying 
degree of plant availability appeared to be influenced by the presence of plant stands of A. chisholmii 
(C3, N2-fixing legume) and T. pungens (C4 grass). All P fractions were highly concentrated in the top 
0-5 cm layer in the soil profile sampled, regardless of plant species and the absence of vegetation 
cover. Labile P and the total Po concentrations were much higher in soils beneath T. pungens stands 
than those beneath A. chisholmii stands. In a low P environment, litterfall would be a vital P source 
for plant availability through P mineralisation since both labile and moderately labile Po fractions 
were significantly high in soils beneath vegetation (T. pungens hummocks), compared to the bare 
ground. Soil carbon contents, Colwell-K and exchangeable Ca and Mg were significantly higher 
beneath T. pungens stands, while reactive Fe and Al contents were higher beneath A. chisholmii.  
 
3.4.1 Low P status in the soils dominated by acacia-spinifex communities  
 
Soil P distribution is mainly attributed to soil pedogenesis, OM and plant growth (Sharpley et al. 
1987). The soils in the present study was mildly alkaline calcareous combined with shallow red 
duplexes (Perry et al. 1964a; Merry 1999) with the elevation of poorly crystalline Fe and Al (Table 
3-1). While sparingly labile P was the largest among P pools in the surface soils below acacia-spinifex 
communities, P concentration in NaOH-P and HCl-P pools was similar, indicating P associated with 
Ca/Fe/Al minerals are in equal presence (Table 3-2). This is similar to findings reported by Samadi 
and Gilkes (1998), in which Al-P and Ca8-P was equally dominant over occluded P, Olsen and 
Colwell P, and Fe-P fractions in various unfertilised calcareous soils with high levels of sesquioxides. 
The co-dominance of Fe/Al and Ca on P-mineral association in these soils was explained by the high 
abundance of apatite-type minerals and laterites that derived from the basaltic and sedimentary parent 
rocks (Charley and Cowling 1968; Samadi and Gilkes 1998). In some instances, Fe oxide coating on 
carbonate minerals can lead to increased NaOH-P fractions under neutral pH (Ryan et al. 1985b). In 
many cases, Fe/Al-associated Pi and Po fractions (e.g., NaOH-P) account for the largest proportions 
of soil P under the influence of high OM content and acidic pH (pH<5.5) in highly weathered soils 
in savannah land (e.g., Oxisols and Ultisols) (Guggenberger et al. 1996; Oberson et al. 1999; 
Lilienfein et al. 2000; Dossa et al. 2010). In the case of calcareous soils in arid and semi-arid regions, 
P association with Ca minerals dominated over NaOH-P (Sharpley et al. 1987; Cross and Schlesinger 
2001).  
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In the present study, however, plant-available Pi (NaHCO3-Pi) had shown dependence on reactive Al 
(Al+), but not Fe+, in the soils beneath both species (Table 3-3), indicating that plant-available Pi is 
immobilised by Al+, rather than Fe+. This supports the previous findings (Brennan et al. 1994; Samadi 
and Gilkes 1998) that highlighted that P adsorption by Al+ was much higher than Fe+, despite the 
higher concentrations of Fe+ in soils from Western Australia.  
By comparison, topsoil (0-10 cm) beneath T. pungens presented much higher concentrations of 
NaHCO3-Pi, Po and NaOH-Po fractions in 2012 compared with the soil samples collected in 2011. 
The differences in NaHCO3-Pi, Po and NaOH-Po fractions between 2011 and 2012 samples were 
attributed to the variability in sampling points and rainfall events. It is characteristic that the soil P 
dynamics are dictated by the variations in uneven rainfall events in semi-arid environments (Handreck 
1997). The total annual rainfall in Mount Isa Mines area was 1113 mm in 2011 (Figure A 3-2), which 
was at least three times higher than that in 2012 and twice as high as in 2010; monthly average rainfall 
was about 10 mm higher in May 2012 than in June 2011 (Bureau of Meteorology 2014). With the 
increasing water availability for plant species, above and below ground biomass could increase, which 
may have enhanced the subsequent intensity of root activities to access soil P pools. An increase in 
soil microbial activity can also follow increased soil moisture and this would accelerate P 
transformation from leaf litter and potentially have contributed to the higher labile organic and 
inorganic P fractions in soils sampled in 2012. In addition, soil P fractions and organic P fractions 
can vary from site to site due to changes in topography and soil moisture and the species ability to 
access water and nutrient sources (Grigg et al. 2008a; Dossa et al. 2010). This inherent spatial 
variability may not have been adequately captured through the separate sampling campaigns. 
The relationship of total organic (TOC) and microbial biomass C (MBC) to labile P, moderately labile 
P, HCl-P and overall Po suggest that plant-available Pi and P concentrations in the other low-soluble 
P pools are regulated by leaf litter accumulation and microbial activity, rather than the total P 
concentration in these soils. This is consistent with the common understanding in soil nutrient 
dynamics in semi-arid regions where it is the OM or litter accumulation around vegetation stands that 
is the main source of plant-available P (Schlesinger et al. 1996; Dossa et al. 2010).  
 
3.4.2 Phosphorus fractions beneath grass and shrub species 
 
By comparison, topsoil (0-5 cm) beneath the stands of T. pungens presented particularly higher levels 
of NaHCO3-Pi and total Po fractions and easily mineralisable P compared with A. chisholmii stands 
(Table 3-2). High Po fractions could be related to the higher concentrations of TOC and MBC in the 
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topsoil beneath the stands of T. pungens than A. chisholmii (Table 3.1) as Po pools are directly related 
soil OM and microbial activity (e.g., immobilisation and mineralisation) (Condron et al. 2005). 
According to the regression coefficients, both MBC and TOC explained most of the soil Po for T. 
pungens, while only MBC had significant contribution to soil Po in A. chisholmii (Table 3-3). Organic 
P in NaOH-P fraction also indicates P less labile Po forms in association with polyphosphates and/or 
organomineral complexes with Al and Fe (Gerke 2010). The higher OM accumulation beneath T. 
pungens stands seems to be responsible for increased microbial activity and concurrent more active 
P mineralisation, and hence the higher Po concentration in the surface soils than that beneath A. 
chisholmii stands. The greater concentrations of Al+ and Fe+ in the surface soil beneath A. chisholmii 
(Table 3-1) may have contributed to the higher P immobilisation into the residual-P pool (Table 3-2), 
and hence the lower extractable P pools than in T. pungens soils. Correlation analyses supported this 
assumption as it was shown that there was a strong positive correlation between labile Pi and NaOH-
Po (Table 3-5), suggesting Pi would be immobilised through metal bridges to organic materials.  
Acacia chisholmii and T. pungens have several aspects that may have led to differential Po and 
organic C concentrations beneath their stands. Firstly, A. chisholmii is a slow-growing shrub with 
efficient internal P-recycling through redistribution of P from mature leaves to emerging leaves and 
stems (Handreck 1997). Under P-limiting condition, Acacia species may delay leaf shedding and 
retain green leaves longer than native woody species such as Eucalyptus and Banksia in P-deficient 
soils (Specht and Groves 1966). These may reduce the litterfall return and hence the lower OM 
accumulation at the stands of A. chisholmii. Secondly, the difference in Pi content and P 
mineralisation rate of leaf litter in the two species may have contributed the contrasting P 
concentrations in labile P pool. The rate of P transformation from the leaf litter is dependent on the 
rate OM decomposition that is primarily determined by the leaf C:N ratio (Vitousek 1984; Dossa et 
al. 2010). For instance, Dossa et al. (2009) concluded that plant biomass with a high C:N ratio 
decomposes slowly and hence increases the recalcitrant litter in semi-arid Sahel. The low C:N ratio 
(38.1) in the leaves of the C3 A. chisholmii may have lead to a faster leaf decomposition rate, 
compared with the high C:N ratio (268) in the leaves of the C4 grass T. pungens (Xiaofang Li, 
unpublished data). High Leaf C:N ratio closely correlated with reduced decomposition rate in semi-
arid grasses and sedges with high leaf tensile strength (Wedin 1995; Pérez-Harguindeguy et al. 2000). 
Thomas and Asakawa (1993) reported that hard-leaved tropical grass species had high leaf C:N ratio, 
which was strongly correlated to low rates of litter decomposition and nutrient release, compared to 
shrub species. Thus leaf toughness and high C:N could prolong the OM decomposition and the 
mineralisation of Po contained in the leaf litter (Specht 1981). To a lower extent, the higher litterfall 
accumulation can be affected by abiotic factors, such as the lower canopy height at the stands of T. 
pungens, compared with A. chisholmii canopies at elevated heights, increasing wind-blown leaves. 
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Litter-P contents were in the low range (Figure 3-4) compared with various uncultivated tropical 
forest soils reported by Vitousek (1984). 
Overall, concentrations of all P fractions were at the highest concentration in the 0-5 cm layer beneath 
acacia-spinifex communities, compared to the 5-10 cm and 10-20 cm layers (Table 3-2). The high 
nutrient concentration and biological activity in the surface layers (0-5 cm) of soil is characteristic to 
nutrient-poor semi-arid environments, where soil P cycling occurs between litterfall, microbial 
populations and plant roots (Wild 1958; Tongway and Ludwig 1994). Soil carbon contents, Colwell-
K and exchangeable Ca and Mg were significantly higher beneath the stands of T. pungens, while 
reactive Fe and Al contents were higher beneath the stands of A. chisholmii (Table 3-1). Perhaps, the 
increased litterfall accumulation beneath T. pungens led to overall higher cation exchange capacity 
and hence higher nutrient retention in the rhizosphere, particularly for Colwell-K. Another possible 
explanation is the close interdependence between labile Pi and HCl-P (R2=0.752) in the topsoil 
beneath T. pungens, which was not apparent for the soils beneath A. chisholmii (Table 3-5). This 
implies that the plant-available P is replenished from P associated with carbonate minerals (e.g., Ca 
and Mg) in the soils beneath T. pungens. This can be a result of rhizosphere processes (e.g., root 
exudation) involved in P uptake by the species, which is worthwhile to investigate in the rhizosphere 
of candidate native plant species. Further to that, the higher reactive Fe and Al concentrations in soils 
beneath the stands of A. chisholmii could be a result of rhizosphere acidification through increased 
base cation uptake during N2-fixing (Raven et al. 1990).  
  
3.4.3 Effects of litterfall on soil P fractions  
 
The topsoil beneath the stands of T. pungens had higher concentrations of Po, TOC and MBC, 
compared with bare soil outside the plant stands (Tables 3-6 and 3-7). In topsoil beneath the stands 
of T. pungens, TOC, MBC and total Po were positively correlated but there was no apparent 
relationship observed in bare soil (Table 3-8). Clearly, P mineralisation and P cycling in soils beneath 
vegetation stands are higher than bare soils which shows the characteristics of unfertilised highly 
weathered soils in tropics and semi-arid regions. For example, Dossa et al. (2010) found P and other 
nutrient concentrations and soil C:N ratio were significantly higher beneath the stands of native shrub 
species, compared with the soils outside the canopy in semi-arid Sahel. Since litterfall is the major 
input in soil P cycling in native soil systems in semi-arid regions, soil P distribution can be highly 
heterogeneous following the patchy vegetation growth (Tongway and Ludwig 1994; Cross and 
Schlesinger 2001). In such way, nutrient availability and overall fertility in soils beneath vegetation 
stands are highly localised, creating ‘islands of fertility’ in a generally nutrient-poor environment 
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(Tongway and Ludwig 1994). This is an important strategy for maintain nutrient cycling and 
preservation by P-efficient native vegetation in highly weathered, P-impoverished soils (Turner and 
Lambert 1985). 
Table 3-8 Correlation coefficients for the relationship among total Po and total organic C (TOC) and 
microbial biomass C (MBC) in topsoil (0-10 cm) beneath Triodia pungens (‘Plant’) compared with bare 
soil (‘Bare’). Total Po=Σ Po (NaHCO3+NaOH) 
C content Total Po TOC 
 Plant Bare Plant Bare 
TOC 0.697 0.311   
MBC 0.454 -0.306 0.819 0.612 
 
With these tight P cycling within vegetation stands, highly weathered soils in tropics and semi-arid 
regions are more efficient than temperate soils (Vitousek 1984). A significant amount of P returns to 
soil through litter fall (Wild 1958) but the P content in the litter and overall litterfall dry mass depend 
on plant P status. In this regard, the P uptake efficiency of native plant species takes important part 
in P cycling in low-P environments.  
 
3.4.4 Overall P status 
 
The total P concentration (280-420 mg P/kg) in surface soil beneath acacia-spinifex communities in 
the George Fisher colluvial plain was low (Table 3-1 and Appendix A 3-3), compared to plantation 
forest soils (Binkley et al. 2000; Meason et al. 2009), but remained above those in uncultivated 
calcareous soils (64-280 mg P/kg) in Western Australia (Samadi and Gilkes 1998; Bentley et al. 
1999). In particular, plant readily and potentially available P concentrations in the topsoils (0-5 cm 
and 0-10 cm) from the present sites sampled were similar to those reported in native uncultivated 
soils in semi-arid Australia. For example, soil solution P (CaCl2-Pi equivalent) was <1.0 mg P/kg 
beneath tussock grassland (Bentley et al. 1999) and 0.06-0.16 mg P/kg (unit converted from μg P/kg) 
in various types of soils beneath Eucalyptus woodland (Mendham et al. 2002). These were consistent 
in the present study. Meanwhile, NaHCO3-Pi (Colwell-P) in topsoils beneath acacia-spinifex 
communities was in the range (Table 3-2) of typical Colwell P concentration in unfertilised native 
soils in semi-arid Australia, which rarely exceeds 5-7 mg P/kg (Wild 1958; Samadi and Gilkes 1998). 
This is significantly low compared with highly weathered soils with fertilisation history (e.g., 
Guggenberger et al. 1996; Samadi and Gilkes 1998). To our knowledge, there was no fertilisation 
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history for the sites sampled in the present study, apart from occasional activities of wild animals in 
the area (personal communication, MIM staff). The absence of native pasture grasses and Buffel 
grasses in the area dominated by the acacia-spinifex communities would have also had little impacts 
of grazing cattle in the wide area.  
The foliage P concentration of both Acacia and Triodia spp. were in the range between 0.4-0.5 mg/g 
dry weight (Figure 3-2), which followed the trend in the data reported for native woody species (0.7 
mg/g) (Foulds 1993) and Triodia spp. (0.2-0.4 mg/g) (Winkworth 1967; Grigg et al. 2008b) growing 
in the natural habitats in south and north-western Australia. The similarities in leaf P concentrations 
suggests that the native plants have adapted to low levels of available Pi, despite the total 
concentrations of soil P being higher in George Fisher soil than those analysed in the Western 
Australia study.   
 
3.4.5 Native species and mineral P  
 
Although P extracted by NaOH (0.1 M) and HCl (1 M) is operationally defined as unavailable for 
immediate plant uptake (Hedley et al. 1982b), the labile P fractions were positively correlated with P 
pools with low-solubility. There was a strong positive correlation between P fractions in labile Pi, 
NaOH-Pi (R2= 0.724) and HCl-P (R2= 0.752) in soils beneath the stands of T. pungens. In contrast, 
plant-available Pi (labile Pi) in soil beneath A. chisholmii had a strong positive correlation with 
NaOH-Po (R2= 0.801) (Table 3-5), rather than with inorganic fractions. Many studies have 
demonstrated that NaOH-P and HCl-P fractions replenish plant-available P in highly P-fixing soils 
(e.g., Beck and Sanchez 1994; Wang et al. 2007), For example, Tiessen et al. (1992) reported a 
positive correlation between NaHCO3-Po and residual-P, which led to the conclusion that stable Pi 
and Po fractions directly contribute P supply to the soil solution. Samadi and Gilkes (1998) found 
that plant-available P was closely related to dicalcium phosphate and hydroxyapatite in unfertilised 
native soils, which was consistent in the latter studies conducted by Guo et al. (2000). Among P pools 
of low solubility, NaOH-P was most depleted during the growth of various crops species with 
efficient root strategies to access soil P with low-solubility (Nuruzzaman et al. 2006). Many 
Australian native species are adapted to low-P soils with highly sophisticated root strategies to acquire 
P from inorganic and organic P with low solubility (Lambers et al. 2006). Thus A. chisholmii and T. 
pungens are most likely to be able to access NaOH-P and HCl-P pools. 
In mine tailings available P is extremely low (Tordoff et al. 2000; Ye et al. 2002) and most of any 
freshly-added Pi (i.e., fertiliser-Pi) would be likely to be immobilised by the minerals in tailings 
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(Hackinen 1985; Lottermoser 2009). The adaptation to low P availability of A. chisholmii and T. 
pungens species implicate the native species Mount Isa ecotype might be able to acquire P from P-
mineral sources in tailings. Apart from efficient P acquisition from external sources (e.g., soil 
minerals), Australian native woody species, such as Acacia, have efficient internal P cycling (e.g., 
leaf P re-sorption) which reduces the P demand from soil resources (Handreck 1997). Leaf P 
concentrations of both A. chisholmii and T. pungens were maintained at low levels (Figure 3-3), 
suggesting that P availability in tailings may not be the primary constraint for the growth and survival 
of native species in tailings. Nonetheless, appropriate P-fertilisation strategy should be assessed 
against the ability of accessing mineral-P from tailings by candidate native species. In particular, plant 
P availability and transformation of Pi fertilisers in the absence or presence of OM amendments in 
mine tailings should be understood in conjunction with the complex geochemical processes occurring 
in tailings material. The following chapter examines the fate of Pi fertiliser in tailings and discusses 
the implications of a P fertilisation strategy in establishing Australian native species in tailings 
revegetation programs. 
 
3.5 Conclusions 
 
1. Soils beneath acacia-spinifex community presented a very low available P pools with majority 
of soil P distributed into the sparingly labile P, NaOH-P and HCl-P pools. The distribution of 
soil native P into Po is closely related to the accumulation of soil organic C and MBC. 
2. Litter accumulation was directly related to higher Po in soils with low OM and low P 
availability. The higher concentration of Po in soil below C4 T. pungens than C3 A.  chisholmii 
was attributable to the differential leaf chemistry (e.g., C:N ratio) and associated 
decomposition rate.  
3. The positive relationships between labile Pi pool to NaOH-P and HCl-P pools suggest that 
plant availability of P can be sourced from sparingly soluble P forms in these soils. The native 
plant species can mobilise P from NaOH-P and HCl-P pools through sophisticated rhizosphere 
processes, which should be clarified for the candidate native plant species for the revegetation 
program.  
4. Based on the positive relationship between labile and low-soluble P pools, further 
investigation is warranted to clarify the rhizosphere processes of candidate native plant 
species that enhance the increase of Pi in labile Pi pool by mobilising P from Fe/Al/Ca-P (e.g., 
P extracted in NaOH and HCl).   
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Chapter 4 
4 Phosphorus fractions in base metal mine tailings amended with di-
ammonium phosphate (DAP) and organic matter 
 
4.1 Introduction  
The results from the study of P cycling and P status in soils beneath candidate native vegetation 
communities in the Mount Isa region demonstrated that the native species are adapted to low levels 
of available P and that the P availability in these soils is tightly regulated by P transformation from 
OM (litter accumulation) (Chapter 3). Successful vegetation establishment on mine tailings is 
constrained by the lack of organic matter (OM) and plant-available nitrogen (N) and phosphorus (P) 
(Ye et al. 2001; Gardner et al. 2003). Organic matter amendments and P-fertilisers are often required 
for improving physical and chemical properties (e.g., water holding capacity and root penetration) 
and nutrient (N and P) availability in remediated tailings (Kramer et al. 2000a; Brown et al. 2003), in 
addition to other measures for pH-neutralisation (Khan and Jones 2009). While N2-fixation in legume 
species (such as Acacia spp.) may provide continual N supply for revegetated plant communities 
(Bradshaw 2000), initial P supply for plant growth mostly relies on fertiliser inputs in the root zone, 
particularly before the biogeochemical P cycling processes are re-established (Huang et al. 2012b).   
Base metal tailings are rich in P-binding minerals, such as calcites, hydrous metal oxides and 
hydroxides (Fe/Al/Mn and/or Pb, Zn), which immobilise fertiliser-P, forming insoluble mineral-P 
compounds (Lottermoser 2010). Primary (e.g., pyrite, chalcopyrite, magnetite and hematite) and 
secondary minerals (e.g., goethite, ferrihydrite) and their derivatives (e.g., hydrous Fe, Al and Mn 
oxides) in base metal mine tailings (Dold and Fontboté 2001; McGregor and Blowes 2002) are of 
high affinity to inorganic P (Pi) (McLaughlin et al. 1981; 2011). In neutral Cu-Pb-Zn tailings, freshly-
added fertiliser-Pi can be immobilised by CaCO3 and Fe oxides (Ryan et al. 1985a; Wang and Tzou 
1995) or co-precipitated with free Fe, Al and Ca (McLaughlin et al. 2011).  
The weathering of sulfidic minerals (e.g., pyrite, FeS2) in base metal tailings can lower pH and 
increases hydroxylated surfaces (Jambor 1994), forming hydrous Fe, Al, Mn oxides, which provide 
positive charges for anion adsorption (Dixon et al. 1977). Hackinen (1985) reported that the 
weathering of Cu tailings lead to pH=3.8, which required much higher rates of P fertilisation to 
saturate sorption sites (105 μg P/g tailings) than neutral (pH>6.0) unweathered tailings (48 μg P/g 
tailings). As a result, the fertiliser-P applied in the base metal mine tailings are expected to undergo 
chemical reactions with minerals in the tailings, thus affecting the availability of fertiliser-P for root 
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uptake by revegetated plants. In addition, the high-affinity adsorption of Pi by secondary minerals 
has triggered the interest of using P-fertilisers to immobilise metals and metalloids in base metal 
tailings for the on-site containment of pollutants and for reducing phytotoxicity to established plants 
(e.g., Khan and Jones 2009; Munksgaard and Lottermoser 2010; Mauric and Lottermoser 2011). 
Considering the reduced availability of fertiliser-P and a possible growth constraint by P-deficiency 
for native plants (Kramer et al. 2000a; Brown et al. 2003), little is known about the fate of fertiliser-
P in tailings in response to OM and fertiliser-P additions. The lack of information on the fate of 
fertiliser-P in tailings in relation to OM amendments and mineralogical properties may lead to 
expensive P-fertilisation for revegetated plant communities (Hackinen 1985) and, in some cases, 
impose risks of P toxicity to native plant species with low P demand (Handreck 1997). As a result, 
the present investigation has initially focused on the examination of fertiliser-P distribution among 
various P fractions of different plant accessibility in base metal mine tailings amended with P-
fertiliser and OM. The intended outcome was to provide information on P-fertilisation strategy in 
field revegetation trails with target native plant species. 
Soil organic P fractions are important source of P supply to plant growth following the P released 
into solution after mineralisation of endogenous P in OM (Condron et al. 2005). Organic ligands 
released from OM may also adsorb significant amounts of soluble P through bridging cations (Parfitt 
1978) or can release P from soil minerals by chelation (Gerke 2010). Many studies have shown that 
the incorporation of OM amendment with P-fertilisers in highly mineralised soils could decrease 
immobilisation of fertiliser-P by the minerals and increase the distribution of fertiliser-P into soil P 
pools easily available and accessible for plant uptake (e.g., Afif et al. 1995; Paniagua et al. 1995; 
Iyamuremye et al. 1996b; Nziguheba et al. 1998). Therefore, the co-application of OM amendment 
with P-fertilisers can alter the fate of fertiliser-P in tailings, by favouring the availability and supply 
of P for plant uptake.  
Information on the P availability and transformation of fertiliser-P in base metal tailings of different 
mineralogy is scarce in the literature. Based on the available literature, it was hypothesised that the 
distribution of fertiliser-P among various P pools in tailings amended with OM and the formation of 
P-mineral compounds within P pools would be dependent on the weathering stages and ore 
mineralogy of tailings. The primary objectives of the present study were to (i) characterise the effects 
of OM addition on the distribution of fertiliser-P among P fractions and (ii) assess P supply capacity 
in three different types of base metal mine tailings: Fe-Cu-Au mine tailings (neutral and 
unweathered), Cu-Pb-Zn-Ag mine tailings (neutral and weathered) and Pb-Zn-Cu mine tailings 
(pyritic and unweathered). A laboratory incubation experiment was conducted for 92 days by 
amending the tailings with OM and di-ammonium hydrogen phosphate (DAP). The distribution of 
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DAP-P into P pools of the amended tailings was determined by sequential P fractionation using the 
Hedley (1982b) procedure, which is widely used in P-fertilisation management in agricultural soils 
as the method focuses on distinguishing the most biologically significant forms of P in soils (Cross 
and Schlesinger 1995; Negassa and Leinweber 2009).  
  
4.2 Materials and methods  
4.2.1 Tailings sampling 
 
Mount Isa Mine (MIM) is located in the semi-arid subtropical northwest Queensland, Australia. The 
mean annual rainfall is 500 mm, mostly distributed in December to March, while evaporative 
moisture loss reaches about 1500 mm/year. The long-term average mid-summer maximum air 
temperature is 36°C (Bureau of Meteorology 2014). Ernest Henry Mine (EHM) is located 
approximately 160 km to the northeast of MIM. Long-term climate patterns are similar to MIM with 
mid-summer maximum air temperature of 35°C and rainfall averages 600 mm/year (Bureau of 
Meteorology 2014). The tailings were sampled from the shallow depths (0-40 cm) of the tailings 
impoundments in Mount Isa Mines (MIM) and Ernest Henry Mine (EHM) at random points by MIM 
and EHM personnel. Sampling points were chosen at the most recent deposition points for MIMTD7 
and EHM tailings and representative points at MIMTD5. The tailings from MIM tailings dam 7 
(MIMTD7) have been recently deposited from mixed streams of Cu-Ag and Pb-Zn ore processing 
with higher portions of Pb-Zn tailings input, while MIMTD5 tailings were mixed Cu-Ag and Pb-Zn 
tailings with higher proportions of Cu-Ag tailings. The MIMTD5 tailings had been weathered (e.g., 
oxidised) for about 30 years (Huang 2009) at the time of sampling. 
 
4.2.2 Tailings properties    
 
The mineralogy of EHM tailings are related to the Fe-Cu-Au enrichment of the deposit, which 
resulted from volcanic activity. The major primary minerals in two MIM tailings were (>2 wt.%): 
Quartz > dolomite > pyrite, chlorite, muscovite, microcline, amphibole; and the major secondary 
phase minerals were: sulfates; Fe oxides and hydroxides (goethite, ferrihydrite); carbonates (as 
calcite) (Huang 2009; Forsyth et al. 2013). The presence of ankerite and calcite in the primary phase 
were reported only for the weathered MIMTD5 (Forsyth 2013). The detailed geochemical properties 
of MIM tailings have been studied in a separate research project and further information can be 
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sourced from Forsyth (2014). The most abundant minerals in EHM tailings were quartz, calcite, 
dolomite, pyrite, kaolinite, microcline and orthoclase by Ryan (1998), along with 25 % magnetite, in 
which 15-20% is hematite (Siliezar et al. 2011). The detailed list of major minerals in EHM and MIM 
tailings are summarised in Table 4-1. 
Table 4-1 Major primary and secondary minerals in MIM and EHM tailings, by means of X-ray 
diffraction. The minerals that have significance to P-fixation are marked in bold. The data presented 
for MIM tailings was determined by B. Forsyth (unpublished data) and for EHM tailings as reported 
by Ryan (1998).  
Minerals (>2 % wt) Formulae EHM MIMTD5 MIMTD7 
Primary     
Quartz SiO2 √ √ √ 
Dolomite CaMg(CO3)2  √ √ 
Pyrite FeS2  √ √ 
Chlorite  Mg6Si4O10(OH)8 √ √ √ 
Muscovite  KAl2(Si3Al)O10)(OH)2  √ √ 
Microcline  KAlSi3O8  √ √ 
Amphibole SiO4  √ √ 
Ankerite Ca(Fe2+(CO3)2)  √  
Calcite  CaCO3  √  
Talc Mg3Si4O10(OH)2   √ 
Gypsum CaSO4(H2O)2   √ 
Ankerite ± sphalerite Ca(Fe2+(CO3)2) ± ZnS   √ 
Plagioclase feldspar NaAlSi3O8 – CaAl2Si2O8   √ 
Magnetite Fe3O4 √   
Hematite α–Fe2O3  √   
K-feldspar KAlSi3O8 √   
Albeit NaAlSi3O8 √   
Various ferromagnesian 
minerals  √   
Secondary  nd   
Various sulfates   √  
Goethite α –Fe3+O(OH)  √ √ 
Ferrihydrite Fe(OH)3    
Calcite CaCO3  √ √ 
Gypsum CaSO4(H2O)2   √ 
Most likely trace apatite and 
secondary phosphates Ca10(PO4)6(OH)2   √ √ 
*nd-no data collected;   
Tailings samples were air-dried in the glasshouse and sieved through <2 mm mesh. The initial pH, 
electrical conductivity (EC) (1:5) and cation exchange capacity (CEC) (0.01 M silver thiourea 
(AgTU+)) were measured in subsamples of tailings and woodchips prior to the incubation in 
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accordance with Rayment and Lyons (2011). Prior to CEC analyses, soluble salts in tailings were 
washed with di-ionised water three times. At the end of the incubation, the pH and EC analyses were 
repeated on all samples and CEC and exchangeable cations were measured in all control samples (no 
DAP treatment). For quality assurance, topsoil (0-10 cm) from agricultural soils in the Gatton area 
(southeast Brisbane, QLD) and hillside topsoil from the vicinity of MIMTD7 tailings were included 
in the above analyses. The amorphous and poorly crystalline Fe, Al and Mn were determined by 
means of acid-oxalate and dithionite-citrate-extraction (Rayment and Lyons 2011). All three tailings 
were neutral to slightly alkaline at the time of sampling with pH ranging between 6.5-7.3. The two 
MIM tailings were comprised of 60-70 % clay (<2-20 µm) and ~30 % silt (20-200 µm) fractions with 
a minor occurrence of fine sand particles (3-7 %) (Forsyth 2013). The EHM tailings was coarser than 
the MIM tailings with a higher content (13 %) of fine to medium sand fractions. Selected physical 
and chemical properties of the tailings are summarised in Table 4-2. 
Table 4-2  Chemical and physical properties of the tailings and woodchip  
Properties 
Tailings 
Woodchips 
EHM MIMTD5 MIMTD7 
Clay (%) 40 59 68 
nd 
Silt (%) - 34 29 
Sand,fine-medium (%)  7 3 
Sand medium-coarse (%) 13 - - 
pH1:5 7.3 6.8 6.5 4.3 
EC1:5 (dS/m) 1.3 1.9 3.2 0.5 
TN (%) 0.02 0.01 0.01 0.2 
TOC (%) 0.3 0.2 0.4 43.0 
Total P (mg/kg) 1220 326 432 88 
CEC (cmol+/kg) 
Exchangeable cations 
(cmol+/kg) 
7.3 10.3 12.7 14.2 
Al+ 0.06 0.05 0.04 nd 
Ca+ 7.0 8.6 11.0 9.0 
Mg+ 0.1 1.5 1.7 4.5 
K+ 0.1 0.04 0.03 0.3 
Na+ 0.02 0.01 0.1 0.4 
Feox (mg/kg) 18507 15601 22946 
nd 
Alox (mg/kg) 561 156 670 
Mnox (mg/kg) 274 893 9267 
Fedet (mg/kg) 11283 13885 16584 
Aldet (mg/kg) 265 40 420 
Mndet (mg/kg) 1281 442 390 
    *nd-not data collected;  
    Feox, Alox, Mnox- Oxalate-extractable Fe, Al, Mn; Fed, Ald, Mnd- Dithionite-extractable     
    Fe, Al, Mn; Clay (<2-20 µm); silt (20-200 µm); fine sand (200-1000 µm) and medium to   
    coarse sand (>1.0 mm). 
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4.2.3 Incubation of tailings amended with organic matter and DAP 
 
Redgum woodchips (Eucalyptus camaldulensis) (Richgro Ltd, South Australia) were used as OM 
treatment. The woodchips (WC) were oven-dried for 48 hours at 60°C and ground to <2 mm size for 
producing the treatments in the tailings. A powdered subsample was used for chemical analyses 
(Table 4.2). Aliquots (about 100 g air-dry) of the three types of tailings were thoroughly mixed with 
the powdered (<2.00 mm) WC at 10% (w/w) by roto-shaking (Gerhard Rotoshake) at 20 rpm for 1 
hour. A commercial-grade DAP [(NH4)2-H-PO4] (Incitec Pivot Ltd) was dissolved in Millipore  water 
and applied to the above mixtures at the rates of (in kg P/ha): 50 (low), 100 (medium) and 300 (high), 
which were equivalent to (mg P/kg by dry weight) 166, 332 and 995, respectively. Tailings alone and 
“tailings+WC” without DAP addition were used as control treatments for comparisons. Each 
treatment was placed in 250-mL enclosed plastic containers with caps slightly open to keep the 
conditions aerobic. The experimental set-up was a completely randomised-block design with three 
replicates for each treatment.  
The tailings mixtures were watered to achieve the moisture content of 55 % maximum water holding 
capacity (MWHC). In many soil incubation experiments, soils were watered to 55-80 % of their water 
holding capacity to promote an ideal condition for the chemical and biological reactions to occur 
(Jenkinson and Powlson 1976; Iyamuremye et al. 1996b). The moisture content was limited to 55 % 
for these tailings as, due to the silt and clay texture, preliminary test showed that exceeding this level 
caused waterlogging. The containers were randomly arranged and incubated at a constant 40˚C for 
92 days (duration of the experiment). The incubation conditions were based on the methods in the 
literature and thus allowed the resultant data to be compared with other studies. With constant 
temperature and moisture maintained in such laboratory soil incubations, between 7 and 120 days 
was previously found suitable to capture P transformations in comparable media in response to the 
specific treatments (Cline et al. 1985; Iyamuremye et al. 1996b; Chen et al. 2009). Longer-term (>120 
days) incubation has been used for monitoring seasonal changes of soil P under field conditions 
(Hedley et al. 1982b). To prevent the development of anoxia in the amended tailings, the incubation 
containers were removed from the incubator once a week and aerated by removing caps for about 2 
minutes.  
 
At the end of the incubation all samples were placed into zip-lock plastic bags and dried in the room 
temperature (20-22˚C). Air-dry samples were mixed, sieved (<2.0 mm) and stored in the original 
incubation containers at room temperature (18/22˚C, night/day) before analyses. The selected 
chemical analyses in incubated tailings mix were conducted in accordance with methods described in 
Section 4.2.2. The transformation of the added Pi was analysed by a modified Hedley (1982b) 
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sequential fractionation scheme described in Section 3.2.2.3 of Chapter 3. A slight modification that 
was applied for determining solution Pi or Pi that is immediately available for plant uptake was the 
use of deionised water (pH=6.0) as the extractant for these in tailings rather than the 0.01 M CaCl2 
solution that was used for the natural soils in Chapter 3. Deionised water was preferred so as to reduce 
calcium phosphate formation from the additional Ca introduced through CaCl2 solution; the tailings 
materials already contain much higher concentrations of dissolved Ca and Mg salts than natural soils. 
For the sake of quality control in P analyses, samples were analysed in duplicate for each P fraction 
analyses. Certified standard reference soil (NIST 2010) and internal standards of soil samples 
(MIMTD7 tailings) were included in the analyses of Pi, Po fractions and total residual-P.   
 
4.2.4 Phosphorus buffering index (PBI+Colwell P) 
 
Soil buffering capacity or P supply capacity is an important factor in assessing P availability in 
relation to soil P sorption properties. Briefly, aliquots of soil/tailings samples were equilibrated with 
a known amount of P (P quantity) at for a fixed period of time under relatively stable temperature. 
After equilibration, solution Pi concentration (P intensity) was quantified to determine the net amount 
of P sorbed to solid constituents. A single point PBI adjusted with Colwell-Pi was measured in 
unfertilised tailings mixture (e.g., tailings ± WC) according to method 9I2A of Rayment and Lyons 
(2011). Colwell-Pi or bicarbonate extractable P (pH=8.5, 16-hr equilibration) is considered an 
indicator of plant-available P, which includes solution Pi and P adsorbed to surfaces of soil colloids 
(Moody 2007).  
Three replicates of non-DAP-treated tailings samples with or without woodchip were weighed (about 
3.5g each) into 50 mL centrifuge tubes, to which 1000 mg P/L in 0.01 M CaCl2 solution were added 
and shaken for 17 hours at 25°C at 15 rpm. After filtration through 0.45 µm filters, solution Pi was 
measured by the molybdate-blue method (Murphy and Riley 1962). The P-buffering index was 
calculated by the following formula: 
PBI+Colwell-P = (P sorbed + Colwell-P)/(final solution Pi)0.41    (4.1) 
where  
P sorbed (mg P/kg) = 1000 mg P/kg – final solution Pi (mg/kg); Colwell P (mg/kg) was measured 
separately as method described in Section 2.5. Final solution Pi (mg/L) was the Pi remaining in 
solution after equilibration; the value of 0.41 was a coefficient (Burkitt et al. 2002). 
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4.2.5 Data processing and statistical analysis 
 
The quality of P determinations in amended tailings by the sequential fractionation method was 
assessed by calculating the difference between the sum of measured P (sum of fractions) and nominal 
P (sum of native P in tailings with P added in DAP and WC), based on the following equations: 
Overall P recovery % = (Measured Total P / Estimated Total P) x 100    (4.2) 
where  
Measured Total P= Σ (H2O-Pi + NaHCO3-Pi & Po + NaOH-Pi & Po +Total Residual-P) (4.3) 
Estimated Total P = Σ (DAP-Pi + WC-P + Initial Total P)             (4.4) 
where  
Initial Total P = Total P in non-incubated, untreated tailings 
Net DAP-P recovery % = 100 x (P in individual fractions – P in control)/ P added   (4.5) 
Means of P concentration in control samples (n=3) were subtracted from samples receiving P 
treatments to calculate net P recovered in each fractions and represented as percentage of total P 
added. 
The effects of woodchip on general properties (pH, EC, CEC and exchangeable cations) and the 
distribution of relative DAP-P in NaHCO3-P (labile) and NaOH-P (moderately labile) fractions were 
analysed by ANOVA in a randomised-block design using GenStat version 14.0 (VSN International 
2011). Differences in means at p<0.05 with LSD <5% was considered as statistically significant. 
Fisher’s protected LSD test (p<0.05) was conducted to identify significant differences in the means 
of H2O-Pi, NaHCO3-P and NaOH-P to assess the effects of WC and DAP interactions. 
 
4.3 Results  
4.3.1 Effects of woodchip and DAP treatments on the chemical properties of 
tailings 
 
The WC alone did not significantly alter pH or EC in the weathered tailings by the end of the 
incubation period (92 days) (Table 4-3). Overall, chemical properties were relatively stable in 
weathered MIM tailings, compared with those fresh tailings-MIMTD7 and EHM. However, the WC 
addition in combination with different rates of DAP tended to increase pH in MIM tailings, but not 
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in EHM tailings (see Figure A 4-1 for details). In particular, unweathered MIM tailings (TD7) 
increased pH by about 1.0 pH unit in response to all treatment combinations, including control 
samples (Figure A 4-1). Despite the pH rise with increasing DAP rates, WC amendment decreased 
pH by more than 0.5 pH unit in both MIMTD5 and MIMTD7 tailings, in comparison with those 
without WC. The WC addition significantly increased cation exchange capacity in all three types of 
tailings (Table 4-3). Exchangeable Ca and Mg concentrations were particularly elevated in tailings 
amended with the WC.  
Table 4-3 Effects of WC on chemical properties of MIM and EHM tailings at the end of incubation. 
Data presented are means of three replicates of “P treatment control” samples (e.g., tailings ± WC but 
no P treatment). Different letters indicate significant differences at p<0.05. 
Properties  
Tailings 
EHM MIMTD5 MIMTD7 
  (-) WC (+) WC (-) WC (+) WC (-) WC (+) WC 
pH1:5 7.2a 7.4b 6.7a 6.6a 7.6a 7.3b 
EC1:5 (dS/m) 1.6a 1.2b 3.1a 2.6a 3.8a 3.9a 
Total CEC and exch.cations 
(cmol+/kg) 6.9a 10.3b 6.8a 10.2a 8.8a 13.7a 
Al+ 0.07a 0.06a 0.02a 0.04a 0.03a 0.08b 
Ca+ 6.6a 9.9b 4.9a 7.6a 7.5a 11.3a 
K+ 0.11a 0.07a 0.02a 0.02a 0.02a 0.02a 
Mg+ 0.1a 0.3b 1.8a 2.6a 1.2a 2.2b 
Na+ 0.02a 0.02a 0.06a 0.04a 0.09a 0.05a 
 
 
4.3.2 The distribution of P pools in response to DAP-P and woodchip 
amendments 
 
At the end of the incubation, the relative P distribution among the extractable P pools varied greatly 
among the three types of tailings (Figure 4-1). In general, increasing DAP-P addition rate increased 
the pool of NaHCO3-P and NaOH-P pools in all the tailings (Table 4-4). Woodchip amendment 
shifted the relative distribution of the added P into the NaHCO3-P and NaOH-P pools [both inorganic 
(Pi) and organic (Po)], while decreasing the P distribution into the residual-P (Figure 4-1 and Table 
4-4). Without WC, about 65 %, 83 % and 100 % of the added P was found in the residual-P pool in 
EHM, MIMTD5 and MIMTD7 tailings, respectively but these percentages decreased to 35 %, 74 % 
and 52 % with respect to WC amendment (Figure 4-1). In EHM tailings without WC amendment, 
more than 85 % of the added P was found in residual-P and the rest of the P (<15 %) was almost 
entirely in the form of NaHCO3-Pi with a minor portion of H2O-Pi (Figure 4-1). However, when the 
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tailings were amended with WC, the P distributed in residual-P pool decreased by nearly 45 %, which 
mirrored an increase of P distribution in the NaHCO3-Pi (20-28 %) and NaOH-Pi (11-24 %) fractions. 
The DAP-P added at 300 kg P/ha increased the P distributed in the H2O-Pi to 6.4 % in EHM tailings 
amended with WC, compared to only 2.5 % in the tailings without WC. 
          
 
 
 
Figure 4-1 The relative distribution of DAP-P (%) among P fractions in EHM, MIMTD5 and MIMTD7 
tailings ± WC. 
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In MIM tailings, the addition of WC substantially increased the distribution of DAP-P into the NaOH-
P pool but not in the NaHCO3-P. The addition of WC in MIM tailings reduced the distribution of 
DAP-P into the residual-P pool by up to 50 %, depending on the rate of DAP addition and the types 
of tailings (Figure 4-1).  
It was not surprising to observe that DAP addition without WC amendment did not show significant 
influences on Po fractions (NaHCO3-Po and NaOH-Po) in the tailings, with the exception of 
MIMTD5 tailings. In the weathered MIM tailings (TD5) treated with combination of 300 kg P/ha and 
WC, 42.6 % of DAP-P was recovered in the NaOH-P pool and the vast majority of that was Po (79.3 
% of NaOH-P pool). 
Overall, the concentrations of P fractions and total P in all three types of tailings increased linearly 
with increasing DAP rates. In all the three tailings, NaHCO3-Pi or plant-available Pi concentrations 
were 10-20 mg P/kg and 25-47 mg P/kg in response to DAP-P application at 50 and 100 kg P/ha 
rates, respectively (Table 4-5). At the 300 kg P/ha, NaHCO3-Pi increased to 96-133.8 mg P/kg in all 
the three tailings. Among three tailings, DAP and WC treatments elevated the NaHCO3-Pi in EHM 
tailings, compare to both fresh and weathered MIM tailings (Tables 4-5 and A 4-3). Sequential P-
fractionation analyses recovered minimum of 71-75 % of the added P in the three tailings (Table 4-
5). Phosphorus recovery from DAP was most satisfactory and steady in weathered MIM tailings but 
inconsistent in the fresh tailings (MIMTD7 and EHM). 
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Table 4-4 Results of analysis of variance (ANOVA) assessing the individual and combined effects on the relative P distribution of DAP-P among P pools (%) 
in each tailings 
Tailings Treatments 
Labile P Moderately labile P Sparingly labile P 
H2O-Pi NaHCO3-Pi NaHCO3-Po NaOH-Pi NaOH-Po Residual-P 
LSD0.05 P LSD0.05 P LSD0.05 P LSD0.05 P LSD0.05 P LSD0.05 P 
EHM 
Woodchip 0.52 *** 1.71 *** 0.62 ns 0.80 *** 0.22 *** 32.25 ns 
DAP rate 0.64 *** 2.10 * 0.76 * 0.98 *** 0.26 *** 39.50 ns 
WC x DAP rate 0.90 *** 2.97 *** 1.07 ns 1.38 *** 0.37 *** 55.86 ns 
              
MIMTD5 
Woodchip 0.06 ns 1.01 * 0.39 * 3.54 *** 1.37 <.001 9.39 ns 
DAP rate 0.07 * 1.24 *** 0.48 *** 4.34 *** 1.68 <.001 11.50 *** 
WC x DAP rate 0.10 ns 1.75 * 0.68 ns 6.13 *** 2.38 <.001 16.26 * 
              
MIMTD7 
Woodchip 0.01 ns 1.32 *** 1.14 * 5.57 *** -  7.79 *** 
DAP rate 0.01 *** 1.62 ns 1.40 ns 6.82 * -  9.54 *** 
WC x DAP rate 0.01 ns 2.29 ** 1.97 ns 9.65 ns  -   13.49 * 
*p ≤0.05; **p ≤0.01; ***p<0.001; ns-not significant; (-) data excluded in ANOVA  
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Table 4-5 Concentration (absolute) of individual P fractions in EHM, MIMTD5 and MIMTD7 tailings amended with DAP ± WC (mg/kg). Low (L), medium 
(M), and high (H) P rates represent (in kg P/ha): 50, 100 and 300. The effects of WC and DAP rates were analysed by ANOVA (General linear model) and 
Fisher’s protected LSD (p<0.05) performed to test the significance of treatment effects (WC and DAP) on P fractions within individual tailings. Different 
letters in each column present significant differences at p<0.05.   
Tailings 
P rate ± 
WC 
Labile P Moderately labile P Sparingly labile P 
Total P 
Recovery of 
added P (%) 
H2O NaHCO3 NaOH Residual 
Pi Pi Po Pi Po P 
EHM 
L 0.9a 19.7a  - 2.2a - 1497a 1520 75 
M 1.8a 46.5b - 3.2a - 1613a 1665 81 
H 14.5b 122.1d 7.4 3.6a 0.8 2032a 2180 79 
L + WC 3.2a 48.8b - 41.3b 3.7 1206a 1303 75 
M + WC 9.0ab 69.3c - 38.6b 2.2 1303a 1422 71 
H + WC 64.1c 211.9e 15.5 229.1c 25.3 1704a 2250 105 
                 
MIMTD5 
L - 10.6a - 9.6a - 507ab 527 91 
M - 30.6b - 19.6a - 695c 745 111 
H 0.9 133.8d 13.9 84.0b 39.0 1088e 1360 99 
L + WC - 10.6a 1.6 39.1a - 458a 510 121 
M + WC - 29.8b 0.7 113.4b - 561b 705 119 
H + WC 1.1 95.6c 21.9 84.4b 336.7 792d 1332 103 
                    
MIMTD7 
L - 17.7a - 60.7a 
- 
621b 700 159 
M 0.6 24.6a - 87.9a 742c 855 126 
H 0.9 96.3d 10.2 206.9b 1218d 1533 110 
L + WC - 21.6a 2.5 78.6a 520a 623 107 
M + WC 0.6 33.8b 10.4 111.9a 604b 760 94 
H + WC 0.8 81.6c 28.5 476.7c 767c 1355 91 
Total P=Σ (H2O-Pi + NaHCO3-Pi, Po + NaOH-Pi, Po + Residual-P); (-) negligible 
DAP-P recovery % = [(Measured Total P in L/M/H - Measured Total P control)/Total P added as (DAP+OM)]*100%
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The PBI values (Table 4-1) suggested that tailings materials were strongly P-fixing in nature. It is 
interesting to note that the PBI in the two MIM tailings was reduced by the amendment with WC, but 
this was not the case in the EHM tailings (Figure 4-2). In particular, the PBI index was halved in 
unweathered MIM tailings (TD7) by WC amendment. 
 
 
Figure 4-2 Phosphorus buffering index (adjusted with Colwell P) in EHM, MIMTD5, MIMTD7 tailings 
± WC. Data are presented as means ± SEM (n=3). The different letters above each bar indicate 
significant differences at p<0.05. 
 
4.4 Discussion  
 
In the tailings of high P-fixing nature, the DAP-P was rapidly adsorbed by the minerals during the 
incubation period, leading to an increase of P distribution into low-soluble residual and NaOH-P 
pools. The addition of woodchips (WC) substantially reduced the distribution of fertiliser-P into non-
labile, residual-P pool. The NaHCO3-P and NaOH-P pools were mostly comprised of Pi forms, 
despite the minor presence of Po. On average, DAP-P distribution among P pools in the three types 
of tailings without WC was in the order of: Residual-P > NaHCO3-Pi > NaOH-Pi > NaHCO3-Po ≥ 
NaOH-Po ≥ H2O-Pi; the addition of WC altered the order into: Residual-P > NaOH-Pi > NaHCO3-Pi 
> NaOH-Po > NaHCO3-Po ≥ H2O-Pi. Without WC addition, the low and medium level DAP 
application were not significantly different in recovering DAP-P in NaOH-P pool. The effects of WC 
and DAP treatments on the P pools of the three tailings varied with the differences in the weathering 
status and mineralogical composition. 
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4.4.1 Phosphorus distribution among P pools in response to woodchip and DAP 
4.4.1.1 Possible factors governing P distribution in amended tailings 
 
Regardless of OM addition, the majority of DAP-P was recovered in the non-labile residual-P pool 
in all three tailings in the present study (Figures 4-1 and A 4-2). This could be explained by the nature 
of base metal tailings as it is essentially a ground-up rock and rich in primary and secondary minerals 
that are highly reactive to soluble P-fertilisers (Lottermoser 2010). Residual-P pool is often accounts 
for the majority of P in soils with a high degree of weathering or of volcanic origin as the secondary 
mineral oxides, particularly Fe and Al (in the case of acidic soils), and carbonates (in the case of 
alkaline soils) strongly bind soluble Pi (Sample et al. 1980). In tailings, however, the abundance of 
primary and secondary forms of Pb, Zn and Cu minerals, coupled with hydrous Fe, Al oxides and 
carbonates, could have precipitated fertiliser-P, leading to the formation of insoluble Pb-P, Zn-P, Cu-
P, Mn-P, Fe-P, Al-P, Ca-P and so on. Because of this, many studies have used P-fertilisers for 
immobilising soluble metals and metalloids in base metal tailings and waste rock to prevent off-site 
transportation of pollutants. For instance, phosphoric acid applied in weathered Pb-Zn tailings 
precipitated soluble Pb and Zn, forming the stable mineral-P compounds, such as pyromorphite and 
apatite-type-P (e.g., Eusden et al. 2002; Lottermoser 2009; Mauric and Lottermoser 2011). Similar to 
that, Khan and Jones (2008, 2009) reported that DAP addition in an abandoned Cu tailings reduced 
Pb solubility by forming stable Pb-P compounds.  
However, the recovery of DAP-P in the residual-P pool of EHM tailings in this study was much lower 
(65 %) than that of the unweathered and weathered MIM tailings (85-90 %). A possible explanation 
could be the coarser texture (e.g., higher sand fractions), coupled with a relatively lower degree of 
mineral oxidation may have reduced the reactive surfaces for P adsorption and immobilisation in 
EHM tailings. Since ions react with charged surfaces (Barrow 1984), the dominance of clay (< 20 
μm) and fine silt (20-200 μm) particles in the two MIM tailings could have provided higher surface 
area (weight to volume) for Pi adsorption than EHM tailings with higher percentages of sand particles 
(Table 4-1). Consequently, the immobilisation of surface-adsorbed Pi by the mineral in two MIM 
tailings could be higher than EHM tailings. The effects of particle size distribution on P sorption 
capacity has been observed in arable soils with contrasting texture. For instance, Atalay (2001) 
reported that P retention by clay loam soil was 40 times higher than that the in sandy soils.  
The addition of WC reduced DAP-P distribution into the residual-P pool in all three types of tailings. 
As a result, the recovery of DAP-P into the NaHCO3-Pi and NaOH-Pi pools were significantly 
increased. In particular, the NaOH-Pi increased greater than the NaHCO3-Pi in all three types of 
tailings amended with DAP and WC (Table 4-3). The higher recovery of DAP-P into the NaOH-Pi 
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shows P immobilisation by hydrous metal oxides since NaOH-Pi indicate the P associated to 
amorphous and poorly crystalline Fe and Al minerals (Shelton and Coleman 1968; Hue 1991). In all 
three types of tailings, oxalate- and dithionite-extractable Fe, Al and Mn were in high concentrations. 
In particular, Feox and Fed were particularly high, which could be derived from the secondary state 
ferric minerals (Table 4-2). However, P extracted by NaOH in these tailings could include Fe-P and 
Al-P as Al oxides can dominate P immobilisation in soils rich in Fe oxides (Brennan et al. 1994; 
Samadi and Gilkes 1998).  
The overall fertiliser-P distribution pattern in the three tailings, with the addition of WC amendment, 
was comparable to similar studies conducted in high P-fixing soils; the combined application of OM 
and P-fertiliser often resulted a significant increase in NaHCO3-P and NaOH-P, in which, the latter 
accounted for higher portions of the added P than the former (e.g., Hue 1991; Paniagua et al. 1995; 
Nziguheba et al. 1998; He et al. 2004).  
 
4.4.1.2 P availability and P supply capacity 
 
Phosphorus supply capacity in the three tailings was varied in relation to the differences in texture 
and mineral composition. The PBI values were ‘high’ to ‘very high’ in the two MIM tailings, while 
EHM showed ‘moderate’ to ‘high’ P buffering capacity (Table 4-2). Such high PBI values were 
previously reported for the highly mineralised soils (e.g., lateritic ferrosol, Moody 2007) and mine 
waste materials (e.g., bauxite residue sand, Chen et al. 2009). In this study, WC addition could reduce 
the amount of P-fertiliser required for maintaining Colwell-Pi (NaHCO3-Pi) in the two MIM tailings, 
particularly in unweathered MIMTD7. In contrast, the WC addition may not affect the P supply 
capacity or the availability of freshly-added Pi in EHM tailings but the overall P-fertilisation 
requirement will be significantly lower, compare to the two MIM tailings. The differential P buffering 
capacity in the tailings of high mineralisation could be related to the texture of tailings. 
 
4.4.2 Organic matter regulation of P distribution in tailings  
 
With the addition of OM, the recovery of DAP-P into the NaHCO3-P and NaOH-P pools were largely 
comprised of Pi fractions in all three tailings (Figure 4-1). This indicates that WC addition increased 
DAP-P distribution through adsorption and immobilisation processes. It is generally agreed that the 
OM amendments adsorb freshly-added Pi through electrostatic charges (e.g., non-specific 
adsorption), which leads an increase of NaHCO3-Pi, whereas NaOH-Pi increase is a resultant of the 
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interaction between organic ligands released from OM and amorphous or poorly crystalline Fe and 
Al (Iyamuremye et al. 1996b; He et al. 2004). The addition of WC significantly increased cation 
exchange capacity in all three types of tailings, which could have contributed the increase of P 
distribution into NaHCO3-Pi (Table 4-2). The release of phenols and other organic ligands from wood 
mulches (Munksgaard and Lottermoser 2010) could have enhanced humic-mineral-P formation 
(Gerke 2010) in tailings, which may have led an increase of DAP-P distribution into the NaOH-Pi 
pool.  
There were minor portions of DAP-P at 300 kg P/ha presented in NaHCO3-Po and NaOH-Po fractions 
in all three types of tailings but it is unclear whether they were formed by microbial transformation 
of DAP-P or through surface reactions, such as increased cation exchange with the WC amendment 
(Table 4-2). In soils, Po fractions depend on P mineralisation and immobilisation by soil 
microorganisms, which are directly related to soil OM content (Tate 1984). Without amendments, all 
three tailings were devoid of capital Po, OM and heterotroph microbial community. For a short-term 
observation, WC could have been acutely slow in stimulating microbial activity in highly inert tailings 
due to the high C:N ratio (slow decomposition) and the absence of endogenous Po. The attempt of 
measuring microbial biomass P (MBP) in the three tailings ± OM could not provide meaningful data 
for analysis or discussion on the role of microbial activity in these tailings (data not shown). Failure 
to quantify MBP could be explained by the highly inert and hostile nature of tailings that may have 
required high quality OM with a reasonably long experimental time before effective relevant 
biological processes in these materials would become established. The effects of OM on soil 
formation processes and microbial activity are further explored and developed through related studies 
by Li et al. (2013). It is recognised that the suitability of methods to test such microbial effects in 
highly mineralised tailings material should be investigated. The determination of Po fractions by 
using colorimetric technique can be inaccurate as Po measured by this method can predominantly be 
Pi because of the incomplete hydrolysis of Pi (e.g., pyro- or polyphosphates) during the ammonium 
molybdate reaction in soil extract solutions (Turner et al. 2005; Gerke 2010). 
It was concluded that DAP-P distribution in these tailings amended with WC has occurred through 
chemical and geochemical processes (e.g., adsorption and immobilisation) but not through biological 
transformation (e.g., mineralisation and immobilisation), at least for the short term.  
 
4.4.3 Implications of P availability for native plant species  
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Although the high P adsorption lowered the recovery of DAP-P at 300 kg P/ha into the H2O-Pi 
(equivalent to soil solution P) in the tailings studied, it reduced the acute toxicity of P to candidate 
native species that are adapted to low-intensity P supply. This particularly true for the two MIM 
tailings, in which solution P concentration was 0.8-1.1 mg P/kg (equivalent to 25 and 35 µM) in 
weathered and unweathered MIM tailings, respectively. Similarly, CaCl2-Pi concentrations in the 
upper 20 cm of native soils beneath A. chisholmii and T. pungens (the zone from where roots acquire 
Pi from soil solution-Chapter 3) were 0.2-0.7 mg P/kg (equivalent to 6-22 µM). However, in EHM 
tailings H2O-Pi concentration reached 64 mg P/kg (equivalent to 2.0 mM), which was much higher 
than the typical solution P concentration in uncultivated soils beneath native vegetation in Australia 
(Smethurst et al. 2001). Soil solution P concentration >10 µM can cause P toxicity for some native 
woody species lack in P accumulation capacity in the leaf tissue (Playsted et al. 2004; Shane et al. 
2004). These suggest that the high amounts of P-fertiliser supply in EHM tailings may not be suitable 
for the candidate native species. 
The increase of DAP-P distribution into the NaHCO3-P and NaOH-P pools with WC amendment 
implicate a source of P for the native plant species with advanced root strategies to access mineral-P 
of low-solubility in soils. With the adaptation to highly weathered soils with poor P availability, most 
Australian native plant species can mobilise P from sparingly soluble Fe-P, Al-P and Ca-P by 
modifying root structure and rhizosphere chemical properties with root exudates (e.g., organic ligands 
and enzymes) (Grierson 1992; Lambers et al. 2012), or through symbiotic microbes (Aguilar and 
Diest 1981; Standish et al. 2007; He et al. 2012). This implies that the candidate native species may 
have the adaptive root mechanisms to acquire P from NaOH-P and HCl-P pools in tailings amended 
with DAP and WC.  
In all three types of tailings without WC amendment, NaOH-Pi concentration was similar between 
the DAP-P rates applied at 50 and 100 kg P/ha, which were (in mg P/kg): 2.2-3.2, 9.6-19.6 and 60.7-
87.9 in EHM, MIMTD5 and MIMTD7 tailings, respectively. The addition of WC in the tailings 
applied with the DAP treatments significantly increased NaOH-Pi in unweathered tailings (EHM and 
TD7) but not in MIMTD5 (Table 4-5). In the treatment of 300 kg P/ha and WC, NaOH-Pi 
concentrations (in mg P/kg) was 229.1, 84.4 and 476.7 in EHM, MIMTD5 and MIMTD7, 
respectively.  
In summary, the interactions of WC and DAP-P treatments in the EHM tailings significantly 
increased all the P fractions, although the influence on NaHCO3-Po and residual-P was minor (Table 
A 4-3). In the two MIM tailings, the DAP treatment consistently elevated the P in all fractions, but 
the WC treatment consistently increased the fractions of NaHCO3-Pi and NaOH-Pi, which were 
further enhanced by the high DAP-P application. 
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4.5 Conclusions 
 
The present study demonstrated that WC can reduce high P adsorption by the minerals in base metal 
tailings. In the short term, low quality WC reduced P-fixation and increased slow-release P in tailings 
by physical and geochemical interactions but lacked in stimulating biological transformation of DAP-
P. Perhaps, in the early stages of plant establishment, the high quality WC may be required to 
stimulate biological activity and hence the nutrient cycling in revegetated tailings systems. These 
findings and observations suggest a requirement for future research on microbial transformation of P 
in amended tailings in relation to the effects of OM with different qualities on the development of 
microbial communities in these materials. A suitable method for measuring microbial biomass P in 
such mine waste materials is, in itself, also highly warranted. 
Organic matter amendment increased P distribution in the transitory P pool between NaHCO3-P and 
non-labile residual-P, which may be useful for native species favour low levels of P in soil solution 
and yet able to acquire P from soil minerals. The remaining question is whether native plants with 
efficient root strategies can access to these forms of P-minerals as they naturally do in the high P-
fixing soils. Overall, WC incorporated with DAP at low to medium rate can be sufficient in providing 
plant-available P in EHM but for MIM tailings high level P supply may be required to maintain 
solution P concentration adequate for native plant species. These results suggest further investigation 
on the ability of candidate native species in acquiring P from the mineral-P sources in the amended 
tailings. The following chapter examines the ability of selected native species to acquire P from 
sparingly soluble sources. 
 
 
 
 
 
 
 
 
 84 
 
Chapter 5 
 
5 Phosphorus acquisition by Acacia chisholmii and Ptilotus exaltatus from 
sparingly soluble P minerals 
   
5.1 Introduction  
 
Phosphate fertilisers are supplied in large quantities for revegetation of P-deficient tailings due to low 
phosphorus (P) availability and high P-binding capacity, which can significantly increase 
rehabilitation cost (Hackinen 1985). However, base metal mine tailings are rich primary and 
secondary phase Fe/Mn oxides (e.g., goethite, ankerite) and carbonates (e.g., calcite, dolomite) (Dold 
and Fontboté 2001; Smuda et al. 2008), which can rapidly adsorb and bind the soluble inorganic P 
(Pi) from P-fertilisers (Eusden et al. 2002; Lottermoser 2009), diminishing the supply of available P 
for root uptake (refer to Chapter 4). Fortunately, some crops and native plants possess efficient root 
mechanisms to mobilise and absorb P from sparingly soluble mineral-P sources (e.g., apatite, Fe/Mn-
phosphates), through the modification of root morphological structures and biochemical mechanisms 
(Handreck 1997; Lambers et al. 2010). Crops, such as Lupinus spp., can acquire insoluble P from soil 
minerals by developing specialised root systems (e.g., cluster roots), coupled with root-mediated 
biochemical modifications of rhizosphere soil chemical properties (Gardner et al. 1983; Pearse et al. 
2006b). Native plant species in Australia are well adapted to growing in P-impoverished soils and 
possess highly efficient root strategies to acquire Pi from sparingly soluble P fractions in soils 
(Lambers et al. 2006). In severely P-impoverished soils in south-western Australia, for example, 
native shrubs developed specialised (e.g., cluster and dauciform) or adaptive long, fibrous root 
systems, and coupled with root exudates with a chemistry that can favourably modify rhizosphere 
chemical properties (Lamont 1981; Lambers et al. 2012). For example, cluster-root-forming Banksia 
spp. have been shown to release high amounts of low molecular weight organic acids that can dissolve 
mineral-P in a soil with an otherwise low available P (Grierson 1992). He et al. (2012) reported that 
nitrogen N2-fixing Acacia spp. were able to acquire P from iron phosphate (Fe-P) by releasing 
carboxylates to solubilise the mineral-P and/or by developing mycorrhizal symbioses to increase 
absorption surface area. As a result, the primary objective of the present study was to investigate if 
the candidate native plant species to be used for phytostabilising base metal mine tailings could 
acquire Pi from sparingly soluble mineral-P in the rhizosphere.  
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Previously, the Cu-Pb-Zn tailings incubated with organic matter and P-fertiliser presented significant 
proportions of the fertiliser-P in the NaOH-Pi (35 %) and residual-P fractions (60 %), by means of 
sequential P fractionation Hedley et al. (1982b) (refer to Chapter 4). This suggests that Fe/Al/Mn 
oxides and carbonate minerals in the tailings could adsorb soluble Pi easily from mineral-P 
associations in the tailings and can rapidly deplete soil solution P. Since plants can mainly take up Pi 
from soil solution in the form of HPO42- or H2PO4- (Lynch and Brown 2008), adequate P uptake by 
the plants depends on their root’s ability to mobilise the Pi from mineral-P sources (Raghothama 
1999). The species selected for the revegetation of base metal mine tailings in northwest Queensland 
are native to low-P soils (3-7 mg P/kg, Colwell-P) (Commonwealth 2001; Wild 1958), in which much 
of the soil P is distributed in the fractions of NaOH-P, HCl-P and residual-P fractions (refer to Chapter 
3). From the ecological point of view, these native plant species would be adapted to the soils with 
low available P with the ability to access the P bound to Al/Fe oxides and Ca minerals in the soils 
through sophisticated root systems (Chapter 2). Thus this study focused on determining if the 
candidate native plant species, A. chisholmii and P. exaltatus important to the revegetation program, 
have the ability to acquire Pi from the sparingly soluble mineral-P which are most likely to be present 
in amended tailings.  
Apart from the their inferred adaptability to nutrient-poor environments, these two species were 
considered as of value for the tailings revegetation program due to their recognised tolerance of 
drought and salinity as well (Refer to Table 2-2, Chapter 2). Acacia chisholmii is a perennial N2-
fixing shrub, widespread on stony and lateritic soils in open woodland (eucalypt-acacia) in 
combination with tussock grassland (mixture of Triodia and Astrebla spp.) (Specht and Specht 1999). 
Many Australian Acacias have high rehabilitation potential since their roots colonise substrates under 
dry, saline and nutrient-poor conditions (Langkamp 1987). Ptilotus exaltatus is a perennial forb, 
frequently occurring around the tailings impoundments at Mt Isa (Huang 2009). In the highly infertile 
soils of the region, Ptilotus spp. are pioneer species and natural colonisers of newly disturbed soils 
and amended tailings, producing a relatively large biomass and prolific seed load (field observations, 
unpublished). This suggests Ptilotus spp. may be suitable for a diverse range of P availabilities, and 
at the same time a tolerance of high levels of phytoavailable salts and metals in soil solution (Ryan et 
al. 2009). It was hypothesised that A. chisholmii and P. exaltatus, candidate native plant species 
naturally colonising the highly infertile and mineralised soils in Mount Isa regions, may be equipped 
with efficient root strategies to acquire P and sustain growth, although slow, which would enable 
them to explore the moderately to sparingly soluble P-minerals in amended tailings when they are 
used in revegetation. 
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A sand culture experiment was conducted under glasshouse conditions to evaluate if the two native 
plant species could take up P from three sparingly soluble P sources: Ca3(PO4)2 [Ca-P], FePO4 [Fe-P] 
and MnPO4 [Mn-P]. The specific objectives of this study were (i) to determine the ability of selected 
plant species to acquire P from Ca-P, Fe-P and Mn-P and (ii) to investigate the differences in P 
requirement and acquisition strategy between the fine-rooted forb and the deep-rooted, slow-growing, 
N2-fixing shrub. 
 
5.2 Materials and methods  
5.2.1 Collection of seeds and seed viability  
 
Both A. chisholmii and P. exaltatus seeds were collected from the analogue sites within 25-30 km 
from the Mount Isa Mine operation, north-west Queensland. Prior to germination testing, P. exaltatus 
seeds were removed from the pod and A. chisholmii seed underwent a hot water-treatment to break 
dormancy (Langkamp 1987). The seeds of both species were germinated in the dark at 25°C day/night 
with adequate humidity being maintained in the germination cabinet. Average seed viability was 35 
% for P. exaltatus and >85 % for A. chisholmii (data not shown). Germinated seeds of A. chisholmii 
were transplanted into a sand medium once radicle length reached 3.0 cm. Ptilotus exaltatus 
germinants were acclimatised for two weeks in P-free nutrient solution (composition detailed below) 
at 30°C/24°C (day/night) in a glasshouse prior to transplanting in the sand medium. Twelve and seven 
seedlings were transplanted to each pot of A. chisholmii and P. exaltatus, respectively. 
 
5.2.2 Sand culture  
 
Plants were grown in 6.0 kg beach sand (particle size <0.5 mm) placed in 4.0-L plastic pots 
(Centenary Landscaping Supplies). The sand was rinsed with deionised water until no turbidity was 
observed in the drained leachates. The washed beach sand was the steam-sterilised in autoclave at 
121°C and air-dried prior to use. The sand had a pH1:5 of 8.0 and low in electrical conductivity (3.5 
dS/m) and cation exchange capacity (0.6 cmol+/kg). The total P concentration was 28.3 mg P/kg, of 
which 0.2 mg P/kg was extractable by distilled water (pH=6.0, 16 hours of equilibration). Total 
organic carbon (C) and nitrogen (N) were 0.01 % and 0.03 % of sand dry weight, respectively.  
Phosphorus compound powders (as specified in P-treatments) were mixed into the 0-5 cm layer of 
air-dry sand in each pot (Figure 5.1). To achieve uniform blending, dry sand was removed from each 
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pot and mixed with the P compounds in separate screw-lid plastic containers. The containers were 
shaken by a rotating-motion shaker (Gerhardt Rotoshake RS12, C Gerhardt, UK) at 20 rpm for two 
hours. The mixture was then placed back onto the pots.   
5.2.3 Self-watering system with capillary tape 
 
Water supply in the pots were realised by capillarity suction of water through the modified (Figure 
5.1) Twinpot Water Management System (TWMS) (the technical details about this system can be 
found in Hunter 2006; Hunter et al. 2012). Briefly, the drainage holes of sand-filled pots (top) were 
plugged with capillary tape, a hydrophilic material, to supply as-required water to be available from 
the reservoir bucket (bottom) through capillary rise (Hunter et al. 2012). The potted sand was covered 
and equilibrated to maximum water holding capacity of the sand. The reservoir bucket supplied a P-
free basal nutrient solution, containing (μM): 60 KNO3, 100 Ca(NO3)2, 60 MgSO4, 25 Fe-EDTA, 0.2 
ZnSO4, 0.6 MnSO4, 0.1 CuSO4, 0.005 Na2MoO4, 0.6 NaCl and 2 H3BO3. A NO3-N source was used 
in order to maintain the pH at neutral to alkaline so as to induce root-mediated acidification to release 
PO4 from Fe, Ca and Mn. Furthermore, NO3-N is readily absorbed by plants, and hence risks of 
growth stresses caused by N deficiency would be reduced. The nutrient solution composition was 
adopted and modified from Sakya et al. (2002).  
 
 
Figure 5-1 Modified Twinpot system setup for supplying basal nutrient solution. A-the layer mixed in P 
compounds; B-Rhizon MOM pore water sampler with 10 cm porous part inserted into the sand medium; 
C-clean sand (with no P treatment); D1 and D2-hydrophillic material; D1-placed inside the drainage 
hole, with an overlaying piece of same material to ensure contact with the capillary tape (D2); E-a cone 
supporting the contact between D1 and D2 to transfer basal nutrient solution from the reservoir; F-
basal nutrient solution. 
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5.2.4 P-supply and forms in treatments  
 
The sparingly soluble P sources were Ca3(PO4)2 (Ajax fine chemicals, AR), FePO4 (Sigma Aldrich, 
AR) and MnPO4 (Bioscience Australia, AR). The soluble Pi form, KH2PO4 (Sigma Aldrich, AR), 
was included as a control (adequate P supply). The P-treatments are referred as Ca-P, Fe-P, Mn-P and 
K-P hereafter. Dry compounds were mixed into the sand at a rate of 200 mg P/pot, except K-P which 
was applied in solution. All treatments were replicated four times and each treatment included pots 
with and without plants, giving a total of 32 pots in each batch (4 P sources x 4 replicates x ± plants). 
Pots were arranged in completely randomised block design. The P supply rate of 213 mg/kg dry 
weight was based on the 1 M HCl-extractable P concentration (Ca-associated P) (Williams et al. 
1971) in MIM tailings dam 7 (TD7) (refer to Chapter 4). Acacia chisholmii and P. exaltatus were 
tested in two separate experiments in September–October and October-November 2012, respectively, 
due to space constraints. The maximum air temperature during the day was 40°C in September-
October and 38°C in October-November.  In the first experiment, A. chisholmii was cultured in P-
treatments for eight weeks due to its relatively slow growth rate. In the second experiment, P. 
exaltatus was subject to the P-treatments for five weeks by which time the plants had started forming 
buds. As observed in preliminary tests, P. exaltatus could reach full flowering and seed production 
in 6-7 weeks under the glasshouse conditions in our preliminary tests.  
 
5.2.5 Pore water collection  
 
To monitor soluble Pi in soil solution, pore water samplers (Rhizon sampler, MOM, 10 cm porous 
section, pore space <0.2 µm, OD 2.5 mm, Rhizosphere research products, Wageningen, Netherlands) 
were placed in the central section of the sand profile in the pots (one sampler per pot). The sampler 
was inserted horizontally at the 10 cm below the sand surface. Pore water in the sand was extracted 
by suction with a 10 mL syringe and a spacer once every week. The volume of pore water sample 
extracted was limited to a maximum of 2 mL in each pot at each occasion, in order to minimise the 
interference with dissolved P in the pore water around the root system. In the final week before the 
harvest, approximately 5 mL pore water samples were collected for chemical analyses. After 
collection, the pore water samples were kept in a pre-cooled container before transfer to the laboratory 
for either frozen storage or immediate analysis.  
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5.2.6 Chemical analyses  
 
Water soluble Pi was extracted at 1:20 (sand:water) by shaking the sand-water mixture for 16 hours. 
The Pi in the solution was manually determined by a colorimetric method (Murphy and Riley 1962). 
Sand samples were analysed by means of inductively coupled plasma optical emission spectrometry 
(ICP-OES, Perkin Elmer Optima 3300 DV, USA) for total elements, after digestion with concentrated 
HNO3 and HCl in a CEM MDS 2000 microwave digester [CEM Applications manual Application 
note FD 23 (11/91)]. Subsamples were equilibrated with silver thiourea (AgTU+) for determining the 
cation exchange capacity (CEC) of sand (Rayment and Lyons 2011) and pH (Ionode IJ44) and EC 
(k=1.0, conductivity probe) were measured in a soil : water (1:5) suspension (Rayment and Lyons 
2011) using a TPS-901-CP pH meter (TPS, Australia). The P concentrations in the pore water P was 
measured colorimetrically as described above and pH was measured by a micro pH sensor (TPS). 
Total elemental concentrations in pore water were analysed with ICP-OES.  Harvested plant samples 
were rinsed with deionised water to remove possible contamination, blotted with paper towel and 
oven-dried at 60°C for 3 days. The dry mass (DM) of root, shoot and senesced leaves was recorded 
and analysed separately. Young recently matured leaves (P. exaltatus only), and powdered whole 
shoot and root materials were digested in a hot HNO3 (70 %) and H2O2 (30 %) mix (Huang et al. 
2004) and analysed for P, Ca, K, Mn and Fe by means of ICP-OES.   
 
5.2.7 Relative P uptake calculations 
 
A relative P uptake in sparingly soluble P treatments was compared to the soluble Pi treatment (K-P) 
by calculating the “Relative P uptake” (RPU) (Tang et al. 2007) by the formula (5.1) as follows: 
 
RPU = (Total P/plant-Seed P/grain) / (Total K-P/plant – Seed P/grain)   (5.1) 
 
where Total P uptake is Total shoot and root P (mg/plant) and Seed P (mg/seed). Seed P content was 
0.007 ± (<0.001) mg P/grain for P. exaltatus and 0.04 ± (<0.001) mg P/grain for A. chisholmii. The 
numbers are presented with standard errors of means.  
 
5.2.8 Statistical analyses 
 
One-way ANOVA was performed on the data using Genstat version 14.0 (VSN International 2011) 
to detect effects of P treatments on plant growth and elemental concentrations/contents. Fisher’s 
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protected least significant difference (LSD) test was used for post-hoc means of comparison when 
significant differences were found in one-way ANOVA. The significance was determined at p<0.05. 
The co-variance of pore water pH and P concentration at different sampling times for each P treatment 
was assessed by analysis of variance (ANOVA) with covariance (p<0.001).  
 
5.3 Results  
5.3.1 Plant growth  
 
At the end of the 8-week growth period, A. chisholmii in the Mn-P treatment had the highest biomass 
(0.20 mg/plant) among the P source treatments (Figures 5-2a and 5-3a). In comparison, the total 
biomass of A. chisholmii with the Ca-P and Fe-P treatments were to 0.13 and 0.14 g/plant, respectively 
(LSD0.05=0.03) (Figure 5-2 ab and Table 5-1a). Regardless of the solubility of the P sources, shoot 
biomass was always higher than that of root biomass, comprising about 31-33% of the total plant 
biomass (Figure 5-4a and Table 5-1a). The biomass of A. chisholmii in the K-P treatment was 
significantly lower (0.08 g/plant) than that treated with sparingly soluble P sources (Table 5-1a). 
Acacia chisholmii showed P-toxicity symptoms in the K-P treatment with the early senescence and 
yellowing of leaves and stunted growth. 
 
       
Figure 5-2 Shoot and root dry mass (in g/plant) of (a) Acacia chisholmii and (b) Ptilotus exaltatus in 
response to KH2PO4 (K-P), Ca3(PO4)2 (Ca-P), FePO4 (Fe-P) and MnPO4 (Mn-P). Data are presented as 
means ± standard error of means (SEM) (n=4). Different letters indicate significance of differences in 
the means of root and shoot dry mass in response to different P sources.   
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Ptilotus exaltatus was a fast-growing species as it developed to the flowering stage at the end of week 
5. Plant biomass in the Ca-P, Fe-P and Mn-P treatments was similar (LSD0.05= 0.18), 0.57-0.65 
g/plant. In contrast to the acacia, the soluble Pi treatment (K-P) significantly increased plant biomass 
(Figures 5-2b and 5-3b) and there was no evidence of P-toxicity symptoms. Root biomass accounted 
for 11-15% of the total plant biomass in the treatments of sparingly soluble P sources, but accounted 
for 33% in the soluble Pi treatment (K-P) (Figure 5-4b and Table 5-1b). Shoot biomass per plant in 
the soluble-P treatment was at least seven times higher than that achieved in any of the sparingly 
soluble P treatments (LSD0.05 =0.05). 
 
 
 
Figure 5-3 Growth of Acacia chisholmii (a) and Ptilotus exaltatus (b) in response to KH2PO4, Ca3(PO4)2, 
FePO4  and MnPO4. 
(b) Ptilotus exaltatus 
(a) Acacia chisholmii 
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Figure 5-4 Root dry mass ratio (%) in (a) Acacia chisholmii and (b) Ptilotus exaltatus in response to 
KH2PO4, Ca3(PO4)2, FePO4  and MnPO4. Data are presented as means ± SEM (n=4). 
 
5.3.2 Phosphorus uptake and tissue P concentration 
 
Given the slow growth rate of the woody legume A. chisholmii, biomass production was low and 
hence the leaves and stems were collectively analysed for tissue [P] and represented as shoot [P]. 
Acacia chisholmii formed root nodules in the treatments with sparingly soluble P but the weight and 
[P] in root nodules were not measured separately due to their low biomass. Among the different forms 
of sparingly soluble P, A. chisholmii acquired more P from the Mn-P treatment than from the Fe-P 
and Ca-P treatments (Figure 5-5a). The P contents ([P]) in the whole plant were 0.23, 0.14 and 0.18 
mg P/plant in the Mn-P, Ca-P and Fe-P treatments, respectively. Higher proportions of the total P in 
the plants were allocated to the shoots than the roots. The root P contents in the Fe-P and Mn-P 
treatments accounted for 31 % and 35 % of the total plant P, respectively, whereas root P content in 
the Ca-P and K-P treatments accounted for 43 % and 45 % of total plant P. When P was less limiting 
as was the case with K-P, both shoot and root tissue [P] were 10 times higher than those treated with 
sparingly soluble P (Figure 5-4b). 
   
 
 
    
 
0.0
10.0
20.0
30.0
40.0
K-P Ca-P Fe-P Mn-P
R
oo
t 
dr
y 
m
as
s 
ra
ti
o 
(%
)
Acacia chisholmii
0.0
10.0
20.0
30.0
40.0
K-P Ca-P Fe-P Mn-P
Ptilotus exaltatus
(a) (b) 
 93 
 
        
Figure 5-5 Phosphorus contents (mg P/plant) in shoot and root tissue of (a) Acacia chisholmii and (b) 
Ptilotus exaltatus in response KH2PO4, Ca3(PO4)2, FePO4  and MnPO4. Data are presented as means ± 
SEM (n=4). 
The relative proportion of P acquired from the sparingly soluble P treatments was estimated by 
comparison with the whole plant P in the soluble K-P treatment (KH2PO4) (Figure 5-6 ab), by 
assuming K-P represents adequate P supply to plants (Tang et al. 2007). The Relative P Uptake (RPU) 
for A. chisholmii was very low (0.05-0.09) and plants’ accessibility to the sparingly soluble P sources 
was in the order of Mn-P > Fe-P > Ca-P (LSD0.05=0.02). Surprisingly, plant growth in the soluble K-
P treatment was reduced, despite this ‘control treatment’ having the highest P uptake (Table 5-1a and 
Figure 5-3a). 
The total P uptakes in P. exaltatus was similar among the three types of sparingly soluble P sources 
(Ca-P, Fe-P and Mn-P), at 3.5-3.9 mg P/plant, while total P uptake by plants in the K-P treatment was 
about 3 times higher than that from any other P sources (Figure 5-5b). Shoot P contents accounted 
for 70-74 % of total plant P in sparingly soluble P sources and 86 % in the soluble K-P treatment.  
With the RPU values of 0.11-0.15, none of the sparingly soluble P sources were selectively taken up 
by P. exaltatus (Figure 5-6). The P concentrations in the YFEL followed the P uptake pattern in shoot 
and RPU in P. exaltatus, corresponding to soluble and sparingly soluble P sources (Table 5-1b). In 
A. chisholmii, the P concentration in YFEL was not measured due to insufficient biomass production. 
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Figure 5-6 Relative P uptake (RPU) from sparingly soluble Ca3(PO4)2, FePO4  and MnPO4 by Acacia 
chisholmii and Ptilotus exaltatus. The equation as follows: RPU=[(Total P uptake from Ca3(PO4)2, 
FePO4, and MnPO4) - (Seed P)] / [(Total P uptake from KH2PO4) – (Seed-P) as described by Tang et al. 
(2007).  
 
Table 5-1 The significance of differences in the means of dry mass, tissue P contents and relative P 
uptake in Acacia chisholmii (a) and Ptilotus exaltatus (b) in response to KH2PO4, Ca3(PO4)2, FePO4  and 
MnPO4  in accordance to one-way ANOVA. Different letters indicate significant differences (Fisher’s 
protected LSD p<0.05) in plant responses to different P forms.  
 
5.1a - Acacia chisholmii 
P source 
Dry mass (g/plant) Root dry 
mass 
ratio % 
P content (mg/plant) 
RPU 
Total Shoot Root Total Shoot Root 
K-P a a a a a a a - 
Ca-P b b b b b b b a 
Fe-P b b b b b b b b 
Mn-P c c c c b b b c 
P value + (K-P) *** *** ** ns *** *** *** *** 
LSD0.05 0.03 0.02 0.03 6.9 0.41 0.33 0.21 0.02 
         
Ca-P a a a a a a a a 
Fe-P a a ab a b b a b 
Mn-P b b b b c c b c 
§P value - (K-P) *** *** * ns *** *** * *** 
LSD0.05 0.03 0.02 0.02  4.8 0.04 0.03 0.02 0.02 
*p≤0.05, **p≤0.01, ***p<0.001; ns- not significant; §P value - (K-P)-ANOVA performed 
excluding K-P. 
0.00
0.05
0.10
0.15
0.20
0.25
Ca-P Fe-P Mn-P
R
el
at
iv
e 
P
 u
pt
ak
e
Acacia chisholmii
Ptilotus exaltatus
 95 
 
5.1b - Ptilotus exaltatus 
P source 
Dry mass (g/plant) Root dry 
mass ratio 
% 
P content (mg/plant) mg/g 
RPU 
Total Shoot Root Total Shoot Root YFEL 
K-P a a a a a a a a a 
Ca-P b b b b b b b b b 
Fe-P b b b b b b b b b 
Mn-P c c c b b b b b b 
P value + (K-P) *** *** *** * *** *** *** *** ns 
LSD (P<0.05) 0.18 0.12 0.09 5.86 1.53 1.11 0.58 1.95 0.06 
§P value - (K-P) ns  
LSD (P<0.05) 0.17 0.14 0.05 4.92 1.09 0.77 0.46 0.49 0.06 
*p≤0.05, **p≤0.01, ***p<0.001; ns- not significant; §P value - (K-P)-ANOVA performed 
excluding K-P. 
 
5.3.3 Phosphorus dynamics in the pore water 
 
The changes of pH and soluble Pi in the pore water samples responded differently between the plant 
species and the treatments with or without plants (Figure 5-7 a, b, c, d) The actual [P] in pore water 
is provided in Table A 5-3a, b in Appendices. During the 8 weeks of the treatment period, [P] did not 
exceed 26 μM in pore water samples from pots containing sparingly soluble P treatments and planted 
with A. chisholmii and P. exaltatus (Figure 5-7 a, c). This was in contrast to [P] in the pore water 
samples from pots containing the same sparingly soluble P sources but without plants, which were 
mostly above 20 μM Pi and up to >100 μM Pi in the Fe-P and Mn-P treatments (Figure 5-7 b, d).  
With A. chisholmii, average [P] in the Fe-P treatment (10 μM) was higher than those in the Ca-P and 
Mn-P treatments (7.0-8.0 μM). The highest [P] in the Fe-P was 26.0 μM on day 9, while those in the 
Ca-P and Mn-P treatments were about 16.0 μM at day 19 (Figure 5-7a). From day 19 onwards, the 
soluble Pi concentrations in the pore water remained similar among the Ca-P, Fe-P and Mn-P 
treatments with steady decline until harvest. In the last 10 days of the experiment (i.e., between day 
47-56), the [Pi] was depleted to as low as 1.9-3.4 μM. In comparison, the Pi concentrations in the 
pore water of the Ca-P and Fe-P treatments without plants increased up to about 40 and 100 μM by 
day 19, respectively, and in the Mn-P, increased up to 100 μM by day 47 (Figure 5-7 b).  
In the meantime, pore water pH rapidly decreased from 8.3-8.5 to about 7.6 in the period of day 9 to 
day 19 and remained stable until the end of the experiment (Figure 5-8a). In contrast the pore water 
pH condition remained relatively stable (8.0-8.5) in the same treatments of Ca-P, Fe-P and Mn-P 
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without plants (Figure 5-8a). The pH in the pore water of the K-P treatment rapidly declined during 
the experimental period, regardless of the presence of plants in the pot.  
In the pots with P. exaltatus, the highest [Pi] in pore water was about 20 μM, on day 14 after seedling 
transplanting (Figure 5-7 c). Among the P sources, Mn-P (17.0 μM) released more P than the Ca-P 
and Fe-P (11.5 μM). At day 38, [Pi] was depleted to as low as 1.4-2.3 μM in the three sparingly 
soluble P treatments. In contrast, in the same treatments without plants, the [Pi] in the pore water of 
the Mn-P treatment increased from about 20 μM at day 14 to about 190 μM at day 38 (Figure 5-7 d). 
The [Pi] in the pore water of the Ca-P and Fe-P treatments without plants was in the range of 20-30 
μM and 30-50 μM between days 14 and 38. The pH of the pore water in the pots with P. exaltatus 
declined by about 0.5 pH unit within the first 2 weeks of seedling growth and remained stable 
thereafter. The pH in the Mn-P and Ca-P declined from about 8.5 to about 7.0 by day 38, while pH 
in the pore water of Fe-P declined to as low as 5.5 (Figure 5-8 c).   
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Figure 5-7 Dynamics of [P] (log scale) in the pore water of sand treated with KH2PO4, Ca3(PO4)2, FePO4  and MnPO4 ± plant growth (Acacia chisholmii (“a” 
and “b”), and Ptilotus exaltatus (“c” and “d”). Pore water sampling days (“x” axis) are plotted against [P] (“y” axis). Data presented as means ± SEM (n=4). 
0*-day at the end of equilibration with basal nutrient solution before transplant. Plants treated with K-P harvested 1 week earlier than the others. 
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Figure 5-8 Changes of pH in the pore water of sand treated with KH2PO4, Ca3(PO4)2, FePO4  and MnPO4  ± plant growth (Acacia chisholmii (“a” and “b”), 
and Ptilotus exaltatus (“c” and “d”). Pore water sampling days (“x” axis) are plotted against pH (“y” axis). Data presented as means ± SEM (n=4). 0*- day at 
the end of equilibration with basal nutrient solution before transplant.  
6.5
7.0
7.5
8.0
8.5
9.0
0* 9 19 26 33 47 56
Acacia chisholmii
(a)
6.5
7.0
7.5
8.0
8.5
9.0
0* 9 19 26 33 47 56
Control (without Acacia chisholmii)
Ca-P
Fe-P
Mn-P
K-P
4.0
5.0
6.0
7.0
8.0
9.0
0* 10 14 28 38
Ptilotus exaltatus
4.0
5.0
6.0
7.0
8.0
9.0
0* 10 14 28 38
Control (Ptilotus exaltatus)
(b) 
(c) (d) 
Days after transplanting 
pH 
 99 
 
5.3.4 Concentrations of K, Ca, Fe and Mn in plant 
 
In A. chisholmii, shoot and root concentrations of K, Ca, Fe and Mn responded to the P-treatments in 
a different manner (Table 5-2). In particular, Mn concentration was elevated to as high as 192 mg/kg 
in the shoots and 2363 mg/kg in the roots. The magnitude of Fe and K concentrations increase in 
response to Fe-P and K-P treatments were much smaller than that of Mn in the plants. Calcium 
concentrations in the shoots and roots were not responsive to the Ca-P treatment. Manganese 
concentration in the shoot and root of P. exaltatus was also significantly elevated by the Mn-P 
treatment (Table 5-2). Shoot and root Fe concentrations were significantly increased by the Fe-P 
treatment for P. exaltatus. Compare to A. chisholmii, P. exaltatus accumulated much higher 
concentrations of Mn and Fe in the shoot and root in response to Mn-P and Fe-P treatments, 
respectively. However, A. chisholmii tended to accumulate more Fe in both shoot and root to levels 
higher than P. exaltatus, regardless of the P treatments. 
 
Table 5-2 Concentration of K, Ca, Fe and Mn in the root and shoot tissue of Acacia chisholmii and 
Ptilotus exaltatus in response to KH2PO4, Ca3(PO4)2, FePO4  and MnPO4 
Species 
Treat
ment 
K Ca Fe  Mn 
mg/g 
    
Shoot Root Shoot Root Shoot Root Shoot Root 
Acacia 
chisholmii  
K-P 25.7 21.5 14.1 7.4 0.05 0.42 0.03 0.03 
Ca-P 10.9 13.9 20.1 6.0 0.05 0.41 0.05 0.03 
Fe-P 10.1 13.9 22.4 4.0 0.07 0.54 0.06 0.05 
Mn-P 9.1 13.3 22.7 4.7 0.06 0.46 0.19 2.36 
P treatment  *** ** ns ns ns ns *** *** 
LSD0.05  4.75 4.52 5.11 1.42 0.014 0.14 0.02 0.20 
          
          
Ptilotus 
exaltatus  
K-P ndc   31.3 7.8 0.03 0.12 0.02 0.02 
Ca-P   34.4 10.6 0.04 0.25 0.05 0.02 
Fe-P   27.5 11.5 0.06 1.27 0.04 0.14 
Mn-P     39.9 10.6 0.04 0.36 3.15 9.60 
P treatment    * ns * ns *** *** 
LSD0.05    4.81 5.44 0.01 0.90 0.27 3.58 
*p≤0.05; **p≤0.01; ***p≤0.001; ns-not significant; ndc-no data collected;  
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5.4 Discussion  
 
The present results demonstrated that both A. chisholmii and P. exaltatus could acquire Pi from the 
sparingly soluble Ca3(PO4)2, FePO4, and MnPO4, as shown by both the growth responses and the 
concentrations of P, Ca, Fe and Mn in the shoots and roots of the plants. These findings suggest that 
A. chisholmii and P. exaltatus can utilise the P adsorbed by Ca, Fe and Mn minerals in the rhizosphere. 
When P is supplied in a soluble Pi form (e.g., K-P), A. chisholmii showed P-toxicity symptoms with 
a significant biomass reduction, while P. exaltatus achieved maximum growth and P uptake without 
showing any sensitivity symptoms. Based on the relative P uptake to the soluble Pi source (KH2PO4), 
P. exaltatus was more effective in acquiring the Pi from the three sparingly soluble P-sources in the 
sand culture. The sparingly soluble P treatments elevated the soluble Pi concentrations in the pore 
water as demonstrated by the sand incubation pots containing Ca-P, Fe-P and Mn-P without plants. 
Nonetheless, rhizosphere acidification may be an important strategy to solubilise Pi from these 
sparingly soluble P minerals in the rhizosphere of A. chisholmii, but pH changes were minor in the 
rhizosphere of P. exaltatus, suggesting different root mechanisms may be present in the species. The 
extensive fine fibrous root systems coupled with carboxylate release may be present in A. chisholmii 
and P. exaltatus as the primary strategy in acquiring P from highly P-fixing soils (He et al. 2012; 
Suriyagoda et al. 2012). This remains to be investigated in further studies. 
 
5.4.1 Phosphorus uptake from sparingly soluble P  
 
Overall, both A. chisholmii and P. exaltatus accessed to different forms of mineral-P equally, which 
shows these plants are able to utilise P-minerals in high P-fixing soils/tailings. In general, Australian 
soils have low P availability and the majority of soil P is associated with Fe, Al and Ca (Charley and 
Cowling 1968; Samadi and Gilkes 1998). However, the native plants are commonly adapted to utilise 
P from mineral-P forms in these soils (Handreck 1997). For example, different Acacia spp. 
demonstrated the ability to use P from sparingly soluble Fe-P (He et al. 2012), while cluster-root-
forming Banksia grandis mobilised P from Fe-P and Al-P, which enhanced growth (Lambers et al. 
2002).  
The tissue [P] shows that the both species acquired adequate P for normal growth, despite the fact 
that P acquired from sparingly soluble forms (i.e., measured as RPU) was being low relative to that 
sourced from the highly soluble Pi source (K-P). The shoot [P] in A. chisholmii and leaf [P] in P. 
exaltatus treated with sparingly soluble P sources was consistent with the other published data. For 
example, a range of Acacia spp. demonstrated the ability to access sparingly soluble Fe-P in which 
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shoot [P] ranged from 1.0 to 2.5 mg/g (He et al. 2012). In the current study, shoot [P] in A. chisholmii 
treated with Ca-P, Fe-P and Mn-P ranged from 0.9 to 1.3 mg/g. However, the experimental results 
were above the values of 0.5 mg/g found in A. chisholmii growing in its natural habitat (unpublished 
data) and 0.7 mg/g found in a diverse range of other native shrub species in their natural soils (Foulds 
1993) (Table 5-3). There is no prior literature showing direct experimental evidence about the ability 
of P. exaltatus to utilise sparingly soluble P sources. However, the shoot [P] of P. exaltatus in their 
natural habitats (Islam et al. 1999; Ryan et al. 2009) were similar to the present experimental data 
(Table 5-3). The analyses of P status in top soils (0-5 cm) beneath the stands of A. chisholmii and P. 
exaltatus (refer to Chapter 3) have shown that a significant portions of soil P was associated with Fe 
and Al oxides (e.g., NaOH-P) and apatite-type minerals (e.g., HCl-P). This supports the current 
evidence to conclude that both A. chisholmii and P. exaltatus can access P bound by Ca, Fe and Mn 
minerals in tailings. 
Acacia chisholmii acquired particularly higher amounts of P from Mn-P, whereas P. exaltatus showed 
no difference to different forms of sparingly soluble P sources (Figure 5-2). Following the P uptake 
from Ca-P, Fe-P and Mn-P, there were significant increases in Fe and Mn accumulation in the shoot 
tissues of both A. chisholmii and P. exaltatus but no significant difference in Ca accumulation (Table 
5-2). These results suggests that the species may have preferentially accessed Fe-P and Mn-P as the 
co-transport of Fe and Mn (as micronutrient) could have served in maintaining nutrient balance for 
the plants under low P condition (Foulds 1993; Shane and Lambers 2005b). Shane and Lambers 
(2005b) have observed that Hakea prostrata (Proteaceae) increased Mn accumulation in the leaves 
when the P supply reduced to extremely low levels. In a wide range of shrubs and herbaceous plants 
growing under severely P-deprived soils, Fe and Mn accumulated in the foliage and, generally, 
herbaceous plants had higher concentrations than the shrubs and trees (Foulds 1993). It is worth 
nothing that P acquired from sparingly soluble sources tend to result higher biomass (Figures A 5-1 
and A 5-2) in both A. chisholmii and P. exaltatus. The reason behind that is unclear, although we 
speculate that this could be either due to soluble P (K-P) rate might over exceeded the P required for 
both species adapted to low P environment or co-transport micronutrients, such as Mn, contributed 
the higher biomass besides P.  
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Table 5-3 Phosphorus concentration (mg/g dry mass) in the leaf (‘L’) and shoot tissue of Acacia and 
Ptilotus spp. growing in native soils from Queensland (QLD) and Western Australia (WA) and 
greenhouse pot trials (‘G’) reported in the literature with comparison to the present study. 
  
Species  P source 
Growth 
condition 
Tissue P 
(mg/g) 
Effect on 
growth 
References 
Acacia spp. 
A. chisholmii 
KH2PO4 
G 
16.0 toxicity 
in this study 
Ca3(PO4)2 0.9 
ns 
FePO4 1.3 
MnPO4 
1.1 
shoot BM 
increase 
various spp. FePO4 G 1.0-2.5 ns He et al. 2012 
A. suaveolens  NaH2PO4 G* 
<5.0 optimal Groves and 
Keraitis 1990 >10 BM decrease 
A. concurrens 
0 
G* 
0.3 ns 
Jasper et al. 1989 
KH2PO4 1.1-1.4 max BM 
A. chisholmii 0 
GF, QLD 0.5 
na 
Huang et al. 
(2013) 
SC, QLD 0.6 
TR, QLD 0.6 
 
Ptilotus spp. 
P. exaltatus 
KH2PO4 
G 
17.0 (7.6)§ 
shoot BM 
increase 
in this study Ca3(PO4)2 2.7 (3.2) 
no difference FePO4 2.6 (3.0) 
MnPO4 3.2 (3.5) 
P. polystachyus 
0 
G 
24.1 shoot BM & 
root mass ratio 
similar  
Ryan et al. 2009 
KH2PO4 40.0 
P. exaltatus Ca(H2PO4)2 
G 9.0 
BM decrease, 
P deficiency 
Brennan et al. 
2000 
G* 10-16 optimal 
P. polystachyus KH2PO4 G 50.2 (L) 
BM decrease 
but no toxicity 
Suriyagoda et al. 
2012 
P. exaltatus;  
P. macrocephalus 
Super-P WA 1.8 optimum 
Islam et al. 1999 
KH2PO4 G 4-5 (L) 
P uptake 
increase no 
effect on BM 
P. polystachyus 0 WA 2.2 na Ryan et al. 2009 
P. exaltatus 0 
GF, QLD 0.4 (L) 
na 
Huang et al. 
(2013) 
SC, QLD 1.9 
TR, QLD 0.6 
G*-unit conversion from % dry weight to mg/g dry weight; na-not applicable; ns-no significant 
effect reported/observed; BM-biomass; GF-George Fisher undisturbed site, SC-revegetation trial on 
tailings capped with silicate material, TR-ridges around tailings impoundments. §-numbers in the 
bracket represent [P] in the leaves. 
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5.4.2 Differential responses of shrub and herb species to soluble and insoluble P 
 
Ptilotus exaltatus was more efficient in acquiring P from sparingly soluble P forms, compared to A. 
chisholmii. Based on the relative P uptake from sparingly soluble sources by P. exaltatus was 1.5-3.0 
times more efficient than in A. chisholmii. The high P use efficiency in P. exaltatus could possibly be 
attributed to the lower seed budget P and the faster growth rate than occurred in the slower-growing 
shrub, A. chisholmii. 
The amount of P acquired from the sparingly soluble sources was generally low in both A. chisholmii 
and P. exaltatus relative to the P acquired from soluble Pi (K-P), although P. exaltatus showed slightly 
higher levels (Figure 5-6). Acacia chisholmii seeds contained 36 µg P/seed grain, while small-seeded 
P. exaltatus contained 7.0 µg P/seed. Calculations indicate that A. chisholmii sourced 16-27 % of its 
P from the seed P reserve, which may have allowed early stages of growth without complete 
dependence on external P supply. In contrast, P. exaltatus sourced only 0.2-0.3 % of total P uptake 
from its much smaller seed. Therefore, the demand for P from the sparingly soluble P sources would 
have been higher for the faster-growing herb than for the slower-growing shrub. In the early stages 
of growth, a number of native species adapted to a limited P supply can meet their P demand from 
the seed P reserves. For example, the large-seeded Banksia grandis relied entirely on the seed P 
reserves for up to 22 weeks without showing signs of P deficiency (Barrow 1977). He et al. (2012) 
found that P retrieved from the seeds into the whole plant P accounted for as much as 10-34 % in 
Acacia spp. grown in a P-deprived sand medium for 28 weeks and suggested that such a mechanism 
could assist native species to survive in the absence of available P in soil. The importance of seed P 
reserves was also emphasised for non-native crop species in delaying the necessity for root accession 
to sparingly soluble sources (Wang et al. 2010). 
When P was in excess supply, A. chisholmii showed severe toxicity to K-P with early leaf senescence 
and lower biomass production than occurred in any of the sparingly soluble P treatments (Figures 5-
2a and 5-3a). The P concentrations in shoot and senesced leaves of A. chisholmii was very high, with 
a maximum of 16 mg/g, about 10 times higher than the shoot [P] of the same species in response to 
the sparingly soluble P treatments (1.1-1.3 mg P/g). This agrees with previous studies, in which A. 
chisholmii showed toxicity at shoot [P] >1 % (Groves and Keraitis 1976) and, in some instances, 
shoot [P] >0.04 % (4.0 mg/g) can cause biomass reduction (Standish et al. 2007). The excessive P 
availability with K-P may also be responsible for the absence of root nodulation in A. chisholmii, 
even though N2-fixation is favoured by the abundance of P availability (Israel 1987). In contrast, P. 
exaltatus presented 40.1 mg P/g in the shoot tissue accompanied by maximum growth in response to 
K-P without showing toxicity symptoms. This is consistent with P accumulation behaviour observed 
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for P. polystachyus, in which leaf [P] attained a level as high as 50.2 mg P/g, with no visible P-toxicity 
symptoms, despite decreasing dry mass (Ryan et al. 2009; Suriyagoda et al. 2012). The native species 
adapted to severely P-impoverished soils commonly lack the capacity to down-regulate increasing P 
uptake, which can cause P sensitivity in many Australian native species (Lambers et al. 2006; 2010 
and the references therein). It is possible that the unusually high P accumulation in the Ptilotus spp. 
could, partially, be related to an adaptive response to the seasonal rainfall fluctuations in a subtropical 
semi-arid environment. In summer months (December to February), the increased soil moisture 
accelerates microbial activity and P mineralisation in the surface soils, leading to an increase in P 
availability, to which short-lived grass and forb species may respond with rapid growth and seed 
production (Islam et al. 1999; Ryan et al. 2009).  
In the context of P-fertilisation in tailings, this study suggests that the high level of applied P-fertiliser 
could lead to an instantaneous increase in soluble Pi tailings in the pore water. Consequently, this 
could limit the growth of robust pioneer species, such as Acacia, due to P toxicity. In addition, a high-
level of P supply could enable the dominance of invasive weed or ephemeral grass and forb species 
in revegetated system, impacting on the more ecologically-desirable vegetation assemblages targeted 
for tailings. 
 
5.4.3 Relationship between solution P and P in plant 
 
Despite presenting different levels of P in the shoot tissue, the average [Pi] in the pore water was 
similar, ranging between 7-10 μM for both A. chisholmii and P. exaltatus treated with sparingly 
soluble P (Table A 5-3 a, b). By the end of the experiment, [Pi] was depleted to 1.4-3.4 μM by both 
species. In the case of A. chisholmii, [Pi] was unchanged for three consecutive weeks and hence the 
pore water [Pi] was presumed to be at an adequate level (2.0-3.4 μM). This is about 10 times lower 
than the solution [Pi] required for maximum yield of wheat and flatweed (Hypochoeris glabra) (Asher 
and Loneragan 1967) but comparable to typical soil [Pi] for native species. In the initial soil P analyses 
(refer to Chapter 3), soil solution Pi (Pi extracted by 0.01 M CaCl2) in the surface soil beneath A. 
chisholmii stands (0-5 cm) was equivalent to 3.4 μM (0.1 mg P/L). In native woody species, such as 
Caustis blakei (Playsted et al. 2006) and Hakea prostrata (Shane et al. 2004), adequate [Pi] in soil 
solution was <10 μM and exceeding this level caused severe P toxicity in these species. In the present 
study, the shoot [Pi] at which with A. chisholmii showed toxicity symptoms (16 mg P/g dry weight) 
was consistent with the shoot [Pi] reported for C. blakei and H. prostrata (>10 mg P/g) (Playsted et 
al. 2006; Shane et al. 2004). With both species, the average pore water [Pi] was 1723 μM as soluble 
Pi, which was indeed highly toxic for A. chisholmii but not for P. exaltatus (see Section 4.1).  
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For both species growing wit K-P, pore water pH initially declined significantly (P<0.05) due to the 
poor pH buffering capacity of the sand, a finding previously noted in similar studies (Pearse et al. 
2007; Wang et al. 2010). However, after 3-4 weeks, pore water pH increased to a level similar to the 
pH in the sparingly soluble P treatments as the removal of P (as an anion) from pore water by plant 
uptake may have been balanced by bicarbonate excretion from the roots (Figure 5-8a, b).  
Prolonged incubation of sparingly soluble P compounds may have resulted in progressive dissolution 
in the control pots without plants through either bacterial contamination of the sand or watering 
sources since it is difficult to control microbial growth in a glasshouse environment. In particular, Fe-
P and Mn-P released higher levels of P (higher than that from Ca-P) and this may have contributed 
to the plant uptake. However, the amount dissolved in the incubated sand was much lower than the 
potential solubility of the compounds under laboratory conditions (Table 5-4). On average, 0.2-1.3 % 
of the P added as sparingly soluble P compounds was dissolved into the pore water but the impact on 
root-induced P mobilisation by the species is unclear.  
 
Table 5-4 Solubility of P compounds in the basal nutrient solution supplied for Acacia chisholmii and 
Ptilotus exaltatus in sand culture experiment compared with the solubility test conducted in the 
laboratory. Data are presented as means of 4 replicates. The numbers in the bracket are the percentage 
of P dissolved from P compounds based on the average [P] in the pore water of control pots.  
Compound 
P dissolved at 100% 
MWHC (μM) 
Pore water [P] in Acacia 
batch (μM) 
Pore water [P] in Ptilotus 
batch (μM) 
max Average wk1-8 max Average wk1-5 
Ca3(PO4)2 96.1 (8.5) 52.0 36.6 (0.6) 24.7 14.4 (0.2) 
FePO4 19.7 (1.7) 101.7 83.6 (1.3) 53.8 32.6 (0.5) 
MnPO4 54.0 (4.7) 110.5 64.0 (1.0) 184.8 65.8 (1.0) 
 
 
5.4.4 Possible strategies in P acquisition 
 
For the acquisition of P from sparingly soluble P sources, A. chisholmii and P. exaltatus may have 
taken advantage of their long fibrous roots and rhizosphere acidification. Many studies have shown 
that P acquisition by native plants from sparingly soluble P can be attributed to rhizosphere 
modification with root exudates (e.g., carboxylates) and increased root surface area either through 
specialised roots (Lambers et al. 2002) or adaptive long fibrous roots (Pang et al. 2010a; Suriyagoda 
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et al. 2010). Similar mechanisms have been found in P-efficient crop species, such as wheat and lupin 
(Gardner et al. 1982; Pearse et al. 2006b; Wang et al. 2010). In the present study, neither A. chisholmii 
nor P. exaltatus did increased their root mass ratio in response to sparingly soluble P sources (Figure 
5-4). However, reviewed literature have indicated that the Acacia and Ptilotus spp. may be able to 
efficiently mobilising sparingly soluble P through carboxylate release (He et al. 2012) and, coupled 
with a fibrous root systems, this may allow a high affinity for nutrient uptake (Suriyagoda et al. 2012). 
Carboxylic acids were not detected in either the pore water or the root washing solutions of A. 
chisholmii and P. exaltatus due to low concentration below detection limit. Nonetheless, it was clear 
that there was a root-induced pH decrease occurring in the A. chisholmii treated with sparingly soluble 
P, although there was no obvious change was observed for P. exaltatus (Figure 5-8 a, c). Based on 
the literature findings, the rhizosphere acidification can be a result of the root exudation of organic 
acids and/or increased cation uptake during symbiotic N2-fixation by A. chisholmii, either of which 
can mobilise P from sparingly soluble sources (Aguilar and Diest 1981; Raven et al. 1990). In 
contrast, P. exaltatus maintained a solution pH around ~8.0 throughout the experimental period 
(Figure 5-8 c). The differences in the pore water pH between A. chisholmii and P. exaltatus growing 
with sparingly soluble P suggest that these species may employ different root strategies to acquire P 
from mineral-P sources in amended tailings.  
 
5.5 Conclusions  
 
In conclusion, both A. chisholmii and P. exaltatus demonstrated an ability to use P from sparingly 
soluble P forms, which suggests that they may be able to utilise fertiliser-P distributed in moderately 
labile or sparingly labile P pools in amended tailings. However, the candidate species examined in 
this study were contrasted not only in P uptake and possibly P acquisition strategies from sparingly 
soluble P sources but also in the capacity of their leaf tissues to accumulate P. The differential 
responses to P acquisition by the two species in this experiment are likely attributable to the 
differences in initial seed budget P, growth rate and cycle, N uptake efficiency and the ability to re-
use internal P (e.g., P resorption from mature leaves). In both A. chisholmii and P. exaltatus, adaptive 
long fibrous roots could have enhanced P uptake but the exact mechanisms involved in mobilising P 
from sparingly soluble P sources remains unclear. Further research is warranted to understand 
possible cellular and molecular mechanisms that allow P. exaltatus to acquire and store P at unusually 
high levels in the leaf tissue. Nonetheless, this experiment demonstrated that P. exaltatus can be an 
excellent pioneer species with rapid growth and an adaptive root system that enables P acquisition 
from sparingly soluble sources. In the broader context, candidate native species with different 
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physiology and functions in the local ecosystem could be advantageous and utilised very effectively 
for phytostabilisation purposes at the different stages of vegetation establishment on tailings.  
Based on the pore water properties, root exudation (e.g., carboxylates and enzymes) and/or symbiotic 
bacterial association (e.g., rhizobia) are likely strategies the species adopted to access the mineral-P 
sources used in this study. These results warrant further investigations to the P uptake mechanisms 
from P bound by tailings minerals and the associated rhizosphere processes of candidate native 
species to be established in mine tailings. Moreover, current findings open further questions on 
whether the efficient P acquisition from sparingly soluble P forms in tailings can benefit the overall 
growth and biomass production of candidate native species, considering the possible toxicity 
problems with excessive metal and salt in pore water. This is particularly significant to candidate 
native species that are essential for secondary succession in vegetation growth on tailings at Mount 
Isa. The next chapter addresses this question by examining the selective perennial native shrub species 
for their growth responses to differential P availability in tailings of different hydrogeochemical 
characteristics. 
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Chapter 6 
6 Effects of Phosphorus supply in amended Cu-Pb-Zn-Ag mine tailings on 
growth and solute accumulation in Acacia chisholmii and Atriplex 
nummularia 
 
6.1 Introduction 
 
Native plant species, especially those local to an area, are normally the target for a phytostabilisation 
program of base metal mine tailings due to their adaptation to local soil and climatic conditions and 
their innate physiological tolerances to often multiple environmental stresses, that could include one 
or more of the often temporal variables of nutrition, salinity and soil moisture availability (Mendez 
and Maier 2008). Base metal mine tailings are typically lack organic matter and plant-available N 
and P (Wong 1986; Santibáñez et al. 2008), and contain high total levels of metals (e.g., Pb, Zn, Cu, 
Cd) and metalloids (e.g., Si, Sb, As) (Ye et al. 2001; Conesa et al. 2006) and soluble salts (Lottermoser 
2010). While the acute toxicity of metals can initially at least be controlled by neutralising and 
complexating amendments in the tailings, the lack of an adequate P and N supply will limit the 
capacity for native species to grow sufficient biomass and hence to perform their primary function of 
‘phytostabilisation’. This limitation will be exacerbated in the (typical) circumstances where there are 
likely to be other multiple stresses in the tailings environment (Tordoff et al. 2000; Brown et al. 2003). 
Many Australian native plant species, such as Acacia spp., can overcome N deficiencies in infertile 
soils with the assistance of their N2-fixation strategies, a characteristic that is certainly an advantage 
for growth and the rate of growth (Langkamp 1987) on inert materials, such as tailings. This 
colonisation in turn can potentially contribute to an overall improvement in the N supply in the 
rehabilitated plant systems. There is no parallel strategy for P capture into these systems and hence 
the present study focuses on P supply in amended tailings and plant responses thereto. 
Past studies have shown that the survival and cover percentage of native species on mine tailings can 
be limited by the lack of P availability (Hunter 1974; Kratzing 1977; Kramer et al. 2000a). This P 
deficiency in amended tailings can be exacerbated by the fact that base metal mine tailings have a 
strong P-binding capacity, resulting in low levels of P in pore water, due to the chemical reactions 
and immobilisation of inorganic P (Pi) with Fe, Al and Mn oxides and carbonate minerals (refer to 
Chapter 4). However, many native plant species in Australia have been highly adapted to the infertile 
and high P-fixing soils in Australian landscape, by possessing highly efficient P acquisition 
mechanisms in roots due to morphological and biochemical functions (Lamont 1981; Lambers et al. 
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2006; 2010), associations with mycorrhizal symbiosis (Bolan 1991; Richardson 2010; Smith 2011) 
and internal P re-distribution in shoots (Handreck 1997). In the previous study (Chapter 5), A. 
chisholmii and P. exaltatus were capable of acquiring P from sparingly soluble P forms, forms which 
most likely dominate (as moderately labile and sparingly labile P fractions) the P pools of amended 
tailings (Chapter 4).  
Phosphorus acquisition from sparingly soluble sources in neutral to alkaline soils involves 
rhizosphere acidification with either carboxylate release (Raghothama 1999) or secretion of H+/OH- 
to adjust anion/cation balance (Hinsinger 2001). Consequently, tailings metals, such as Pb, Zn, Cd, 
Cu, Al, and Fe, become increasingly mobile, which lead to phytotoxicity and risks of contaminant 
entry into ground water (Burckhard et al. 1995). As the release of soluble metals accompanies the 
dissolution of Pi by root exudates (such as organic acids), it is hypothesised that regulating P supply 
in amended tailings may influence plant uptake of other solutes, including metals. Phosphorus 
nutrition status has been known to influence the uptake of other mineral elements in many Australian 
native species (Turnbull and Doran 1997). Such an influence is particularly important for the 
successive growth of perennial native species on tailings after initial root colonisation by early 
pioneer plants, such as P. exaltatus, has occurred. The present chapter aimed to (i) investigate the 
growth response of A. chisholmii and A. nummularia to P supply in amended Cu-Pb-Zn-Ag mine 
tailings under glasshouse conditions, (ii) investigate the effects of soluble P supply on solute uptake 
and accumulation in plants, and (iii) to monitor changes in P concentration in the pore water of the 
tailings in response to the Pi supply.  
These species were previously reported to have high survival and fast rates of root colonisation in 
revegetation studies in Pb-Zn-Ag tailings (Huang 2009). Acacia chisholmii is a N2-fixing perennial 
shrub, widely distributed in northwest Queensland, particularly in soils with high Fe and Mg 
mineralisation (Cole 1983). Apart from their high ability to colonise disturbed soils under dry, saline 
and nutrient-poor conditions (Langkamp 1987), Australian acacias are known as highly efficient in P 
uptake (e.g., Specht and Groves 1966; He et al. 2012) and moderately tolerant to Zn, Cu and Mn 
(Reichman et al. 2004). Atriplex nummularia is a native halophyte perennial shrub that have been 
used for rehabilitation programs in contaminated soils and mine waste materials in drier climates due 
to their high palatability for cattle grazing and hardiness under foraging pressures (Condon and Sippel 
1992; Plenchette and Duponnois 2005). In addition, Atriplex plants have demonstrated tolerance to 
elevated concentrations of Pb, Zn, Cd when established in mine tailings (Booth 1985; Mendez et al. 
2007; Zanuzzi and Cano 2010) and heavy metal contaminated sites (Jordan et al. 2002; Lutts et al. 
2004; Low et al. 2005). 
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6.2 Materials and methods 
6.2.1 Tailings 
 
Bulk tailings used in the present experiment were collected from tailings dam 5 (TD5) and 7 (TD7) 
at Mount Isa Mines (MIM), northwest Queensland. The full description of the sampling is detailed in 
Chapter 4. Tailings dam 7 (MIMTD7) contains freshly deposited tailings and has been receiving 
mixed streams of Cu-Pb-Zn processing residues. MIMTD5 tailings have been weathered for more 
than 20 years since decommissioned (Huang 2009). The bulk samples were air dried and sieved 
through <10 mm mesh but >90 % of the air-dry tailings passed 2 mm mesh as the materials dried and 
de-aggregated. Both types of tailings had neutral pH conditions (Table 6-1). The chemical properties 
and the total element concentration of the tailings are summarised in Table 6-1 and 6-2. Complete 
chemical and mineralogical analyses were previously reported in Chapter 4. 
 
6.2.2 Experiment design and setup 
 
The unweathered (MIMTD7) and weathered (MIMTD5) tailings were air-dried and amended with 
10% woodchips (Eucalyptus camaldulensis, Richgro Ltd, South Australia) on an air-dry weight-
weight basis to reduce hypoxia. Woodchips were oven-dried for three days at 60°C and ground to <5 
mm size and thoroughly mixed in tailings manually in heavy duty plastic bags. The coarse-size (<5 
mm) of the woodchips reduced waterlogging in tailings and hence encouraged improved root 
penetration. In a pilot test, tailings-woodchips mix became extremely dense once saturated with water 
when woodchips of <2 mm size were blended in these tailings. Approximately 3000 g air-dry tailings 
and woodchip mix were filled to a depth of 10 cm in a 4-L pot. A 10 cm layer of coarse river sand 
was placed on top of the pre-equilibrated tailings mix. The sand was pre-watered to 70 % of its 
maximum water holding capacity (MWHC) with basal nutrient solution to reduce transplanting stress 
for the plants. The basal nutrient solution contained (µM): 60 KNO3, 100 Ca(NO3)2, 60 MgSO4, 25 
Fe-EDTA, 0.2 ZnSO4, 0.6 MnSO4, 0.1 CuSO4, 0.005 Na2MoO4, 0.6 NaCl and 2 H3BO3.  
For the rest of the experimental period, the moisture content of the potted sand and tailings medium 
was maintained by deionised water. Water supply in the pots were realised by capillarity suction of 
water through the modified Twinpot Water Management System (TWMS) (the technical details about 
this system can be found in Hunter 2006; Hunter et al. 2012).  
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Soluble P (as KH2PO4) was supplied at 0 and 100 mg P/pot to the sand layer after transplanting the 
seedlings. A basal application of 50 mg N/pot was supplied to all pots as Ca(NO3)2 in the first and 
the third week after transplanting. The experiment was conducted using a two-factorial randomised 
design with the treatment factors of tailings (unweathered and weathered) and P supply (0 and 100 
mg P/pot). As a P treatment, 100 mg P/pot was chosen as this rate appeared suitable according to the 
P fractionation study (Chapter 4) and the field trials in Mount Isa. There were three replicates per 
treatment. 
The seeds of A. chisholmii and A. nummularia were germinated and cultured in a sterilised sand : soil 
mix (1:1) under glasshouse conditions for three months until plant height reached 20 cm and 10 cm 
respectively, before transplanting. The roots of seedlings at this stage were mature and robust enough 
to handle the multiple stresses presented by growth in tailings. At seedling transfer, plant roots were 
immersed in deionised water and then thoroughly rinsed with a mild water jet to remove soil particles 
adhering to the roots. Roots were then soaked in the basal nutrient solution (the same as that applied 
to the sand) for about an hour during the transit. Three plants were transplanted into the sand layer in 
each pot. Average temperature inside the glasshouse during the experiment was 33.6°C and 22°C 
day/night. The plants were grown in a glasshouse at The University of Queensland between 
September-October 2012.  
  
6.2.2.1 Pore water sampling  
 
To investigate changes in the concentrations of Pi in the solution phase, the pore water in each pot 
was sampled on a weekly basis by means of a Rhizon pore water sampler (the details of the sampling 
procedure appears in Chapter 5). Rhizon samplers are widely used in monitoring macro- and micro-
nutrient transport and organic compounds in the soil solution of a wide range of soils and substrates 
(e.g., Meijboom and van Noordwijk 1991; Conesa et al. 2007a; Murtaza et al. 2011). One Rhizon 
MOM sampler was placed horizontally at the interface of the sand-root-tailings in each pot. The sand-
root-tailings interface was chosen as roots developing beyond the sand layer would either concentrate 
a dense root mass at the interface or penetrate into the top layer of tailings to obtain water and 
nutrients. 
Pore water sampling commenced in the second week after transplanting. To minimise depletion of 
moisture and soluble P in pore water around the roots, the sample volume was limited to 2 mL. At 
harvest, 10 mL of sample was collected for the analyses of Pi, dissolved metals and salts, dissolved 
LMWOA, pH, and EC measurements. Pore water samples were stored in a cooling box with ice-
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packs until transferred to the laboratory. An aliquot (1.0 mL) of pore water extract was subsampled 
and treated with concentrated (30%) phosphoric acid (H3PO4) to adjust pH to 2.5 and stored at -20°C 
(Pearse et al. 2006a) until the analyses to be able to performed for low molecular weight organic acids 
(LMWOA). 
 
6.2.3 Chemical analyses 
 
The properties of pH and EC in coarse sand and tailings were measured in a tailings : water suspension 
(1:5) according to Rayment and Lyons (2011). Total organic carbon in tailings was determined by 
dry-combustion with a LECO CNS-2000 analyser (LECO Corporation, MI, USA) after correction of 
inorganic carbon with acid dissolution (You et al. unpublished data). Cation exchange capacity was 
measured  by the silver thiourea (AgTU+) method for tailings and the ammonium acetate method for 
sand samples (Rayment and Lyons 2011). Total P in tailings or residues was determined by 
inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer Optima 3300 
DV, USA) after hot-plate digestion with aqua-regia (HCl (30 %) : HNO3 (70 %), 3:1) (Crosland et 
al. 1995). At harvest, plant samples (root, shoot and leaves) were washed with deionised water three 
times and oven-dried at 60°C for three days. Plant samples were powdered and digested with hot 
HNO3 (70 %) : H2O2 (30 %) (5:1) acids in an open-vessel microwave (MultiPREP50, Milestone, S.r.l, 
Italy) (Huang et al. 2004). An aliquot of woodchip was subsampled and powdered to <2.0 mm for 
chemical analysis. Soil and plant digestion extracts were analysed for total elemental concentration 
by means of ICP-OES.  
Phosphorus concentrations in the pore water samples were determined by the manual colorimetric 
method (Murphy and Riley 1962) and pH was measured by a micro pH probe (TPS). Electrical 
conductivity of pore water was measured by an EC electrode (TPS 2100). Total elemental 
concentration in pore water were obtained by means of ICP-OES. Dissolved low molecular weight 
organic acids (LMWOA) in pore water were measured by high pressure liquid chromatography 
(HPLC, Agilent 1100 series; column: Prevail Organic Acid 5u, 150 cm x 4.6 mm) using the reverse-
phase method as described by Cawthray (2003). 
 
 
 
 
 113 
Table 6-1 Chemical properties of weathered (MIMTD5) and unweathered (MIMTD7) tailings and sand. 
The data for tailings and woodchips were previously reported in Chapter 4 and the present experiment 
used the same batch of materials. 
Properties 
Tailings 
  River sand Woodchip  
MIMTD5 MIMTD7 
pH1:5 6.8 6.5 8.93 4.27 
EC1:5 (mS/cm) 1.9 3.2 0.05 0.54 
CEC, (cmol+/kg) 10.3 12.7 2.8 14.2 
Total P (mg/kg) 325.8 432.1 107.8 88.4 
Colwell P (mg/kg) 1.5 10 1.0 55.0 
TOC (%)  0.15 0.43 0.44 0.2 
TN (%) 0.01 0.01 0.02 43 
 
 
Table 6-2 Concentration of major elements in weathered (MIMTD5) and unweathered (MIMTD7) 
tailings, sand and woodchips (mg/kg). Data are presented as means ± SEM (n=3). 
Elements  
MIMTD5 MIMTD7 Sand Woodchip 
mg/kg 
Al 7754 ± 295 13947 ± 66 28462 ± 617 - 
As 338 ± 8.6 1174 ± 15 - - 
Co 124 ± 7.6 621 ± 2.0 4.0 ± 0.6 0.5 ± 0.01 
Cu 1170 ± 29 1525 ± 3.3 2.0 ± 0.2 3 ± 0.1 
Fe 98795 ± 927 136236 ± 904 14787 ± 976 67 ± 1.1 
Mn 1989 ± 42 1146 ± 11 457 ± 29 121 ± 9 
Pb 2128 ± 205 2466 ± 521 12 ± 2.4 - 
Zn 4493 ± 218 102 ± 8.6 35 ± 3.5 6.0 ± 0.6 
Ca 83049 ± 3191 24829 ± 233 1201 ± 37 7698 ± 614 
K 1276 ± 53 2297 ± 34 6649 ± 387 307 ± 19 
Mg 52381 ± 594 23386 ± 13 523 ± 8.3 434 ± 45 
Na 233 ± 25 228 ± 45 8412 ± 245 108 ± 43 
S 50533 ± 1315 102647 ± 1185 62 ± 2.0 259 ± 14 
      (-)- not detected 
 
6.2.4 Statistical analyses 
 
Pots were arranged in a two-factorial randomised design in the glasshouse. All the data reported are 
the means of three replicates. Data were analysed as a 2 x 2 factorial analysis of variance (ANOVA). 
ANOVA was employed for interactions in root and shoot dry biomass, tissue concentration of P and 
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heavy metals at LSD0.05 (p<0.05). Pore water data were analysed by two-way ANOVA. The 
concentration of P and pH in the pore water data were pooled by weekly measures for each species 
to see the effects of soluble P supply and tailings type. All statistical analyses were performed by 
GenStat 14.0 (VSN International 2011).  
 
6.3 Results  
6.3.1 Growth and P uptake in response to P supply 
 
The addition of P supply did not significantly affect biomass production for both A. chisholmii and 
A. nummularia, despite the significant increase in P uptake (Figures 6-1 and 6-3; Table 6-3). Instead, 
plant growth was closely related to tailings type since both species achieved higher biomass in 
weathered tailings (MIMTD5) compare to the unweathered tailings (MIMTD7), particularly for A. 
chisholmii (Figure 6-2 and Table 6-3). However, tissue P contents in both species were much higher 
in MIMTD7 than MIMTD5 (Figure 6-3 a,b). Without soluble P, A. chisholmii took up 2.2 mg P and 
4.3 mg P in total (e.g., whole plant P) from MIMTD5 and MIMTD7 respectively (Figure 6-3a). The 
whole plant P increased to 6.7 and 9.2 mg P/plant when soluble P supplied in the order above. Unlike 
A. chisholmii, P content in A. nummularia was similar regarding to tailings type but significantly 
different in response to P supply. The P content in the whole plant P were 11.9 mg and 14.7 mg with 
the added P, which was 3.0 mg and 4.3 mg without P addition in MIMTD5 and MIMTD7 (Figure 6-
3b).  
      
Figure 6-1 Dry mass (g/plant) of Acacia chisholmii (a) and Atriplex nummularia (b) grown in weathered 
(MIMTD5) and unweathered (MIMTD7) tailings ± soluble P supply. Data are presented as means ± 
standard error of means (SEM) (n=3). 
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Figure 6-2 Growth of Acacia chisholmii (a) and Atriplex nummularia (b) in weathered (MIMTD5) and 
unweathered (MIMTD7) tailings ± soluble P supply. 
    
 
 
 
 
 
 
(a) Acacia chisholmii  
(b) Atriplex nummularia 
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Figure 6-3 Phosphorus contents in root and shoot of Acacia chisholmii (a) and Atriplex nummularia (b) 
grown in unweathered (MIMTD7) and weathered (MIMTD5) tailings ± soluble P supply. Data are 
presented as means ± SEM (n=3). 
Root biomass accounted for about 20 % of total plant biomass in A. chisholmii, which were similar 
among tailings type and P supply (Figure 6-4a). In A. nummularia, however, root biomass accounted 
for as high as 36 % in MIMTD7, which was much higher than that in MIMTD5 (Figure 6-4b).  
       
Figure 6-4 Root dry mass ratio (%) in Acacia chisholmii (a) and Atriplex nummularia (b) grown in 
unweathered (MIMTD7) and weathered (MIMTD5) tailings ± soluble P supply. Data are presented as 
means ± SEM (n=3). 
The type of tailings determined dry mass and P uptake of A. chisholmii but had no significant effect on A. 
nummularia (Table 6-3). Phosphorus uptake was higher with the soluble P supply in both A. chisholmii and A. 
nummularia. Nevertheless, the dry mass did not correspond to the higher P uptake in either A. chisholmii or A. 
nummularia.  
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Table 6-3 Significance of individual and combined effects of tailings type (weathered and unweathered) 
and soluble P supply on the means of dry mass, root dry mass ratio and tissue P contents of Acacia 
chisholmii and Atriplex nummularia according to two-way analysis of variance (ANOVA).  
Species Significance 
Dry mass (g/plant) 
Root dry mass 
ratio 
P content (mg/plant) 
Total  Shoot Root 
Whole 
plant 
Shoot Root 
Acacia  
chisholmii 
Tailings *** *** ns ns * * ns 
P supply ns ns ns ns *** ** *** 
Tail. x P supply ns ns ns ns ns ns ns 
LSD0.05 1.26 1.15 0.58 12.56 2.93 2.35 0.85 
         
Atriplex  
nummularia 
Tailings ns ns ns * ns ns ns 
P supply ns ns ns ns * * * 
Tail. x P supply ns ns ns ns ns ns ns 
LSD0.05 2.18 1.63 0.64 13.39 10.70 9.01 2.17 
   *p≤0.05; **p≤0.01; ***p<0.001; ns-not significant 
 
6.3.2 Effects of P supply on nutrient concentration in plants  
 
The added P supply increased Ca, S and Co concentration in the leaves of A. chisholmii, which were 
up to (in mg/g) 10, 4.6 and 6.7 respectively (Table 6-4 a). In contrast, only was K concentration in 
the leaves of A. nummularia substantially elevated (35.2 mg/g) by increasing soluble P supply (Table 
6-4 b). Both species accumulated high levels of heavy metals in the roots, which did not differ 
significantly among the P treatments (Table 6-5 a, b). In the A. chisholmii and A. nummularia, root 
concentrations of Co, Mn, and Zn were significantly higher when grown in MIMTD7 than MIMTD5. 
In MIMTD5 applied with soluble P, Co, Mn and Zn concentrations in roots of A. chisholmii were (in 
μg/g) 422.5, 2455 and 1433 respectively. By comparison, Co, Mn and Zn concentrations in the roots 
of A. nummularia were (in μg/g) 388.3, 2446.6, and 978.7 respectively. Generally, the tailings types, 
rather than P treatments or plant species, produced dominant effects on the soluble salt and heavy 
metal concentrations in the plants. MIMTD7 presented much higher concentrations of soluble salt 
and heavy metals than that of MIMTD5. A significantly high concentrations of Mg, Na, S, Co, and 
Mn were shown in the leaves of both A. chisholmii and A. nummularia, compared with those grown 
in MIMTD5. 
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Table 6-4 Concentration of macro (mg/g dry mass) and micronutrients (µg/g dry mass) in the leaves of Acacia chisholmii (a) and Atriplex nummularia (b) 
grown in weathered (MIMTD5) and unweathered (MIMTD7) tailings ± soluble P supply. Data are the means of three replicates. 
6.4a -  Acacia chisholmii  
Tailings P supply 
Ca Mg Na K S Co Cu Fe Mn Zn 
mg/g  μg/g 
MIMTD5 
Soluble P 10.0 4.9 0.7 5.7 1.6 0.7 4.0 16.3 115.0 51.6 
no P 9.2 5.8 0.8 5.2 1.7 1.1 5.0 37.4 148.9 71.8 
MIMTD7 
Soluble P 10.1 10.5 2.7 6.2 4.6 6.7 7.4 1.6 320.4 37.4 
no P 7.9 7.2 3.3 6.1 2.7 2.4 9.2 15.8 194.1 32.6 
Significance 
of difference 
  
Tailings ns *** *** ns *** *** ns ns *** ns 
P supply * ns ns ns ** ** ns ns ns ns 
Tail. x P supply ns ** ns ns ** ** ns ns * ns 
LSD0.05 1.77 1.94 1.32 2.54 0.81 1.83 6.66 46.67 80.47 58.48 
 
6.4b - Atriplex nummularia 
Tailings P supply Ca Mg Na K S Co Cu Fe Mn Zn 
  mg/g  μg/g 
MIMTD5 
Soluble P 9.1 25.3 33.6 33.0 4.4 4.5 20.8 9.2 157.8 240.2 
no P 7.2 21.3 38.1 28.3 3.3 2.1 16.1 - 117.3 200.4 
MIMTD7 
Soluble P 8.1 24.7 49.6 35.2 4.3 21.0 15.3 - 709.0 218.4 
no P 6.9 20.9 46.4 25.7 4.0 19.6 16.3 - 453.5 207.1 
Significance 
of difference 
  
Tailings ns ns ** ns ns *** ns na *** ns 
P supply ns ns ns ** ns ns ns  ns ns 
Tail. x P supply ns 
LSD0.05 3.49 7.46 10.48 6.52 1.3 7.29 8.02  211.17 149.64 
         *p≤0.05; **p≤0.01; ***p<0.001; ns-not significant; (-)-not detected; na-not applicable 
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Table 6-5 Concentration of macro (mg/g dry mass) and micronutrients (µg/g dry mass) in the roots of Acacia chisholmii (a) and Atriplex nummularia (b) 
grown in weathered (MIMTD5) and unweathered (MIMTD7) tailings ± soluble P supply. Data are presented as the means of three replicates. 
6.5a -  Acacia chisholmii 
Tailings P supply 
Ca Mg Na K S Co Cu Fe Mn Pb Zn 
mg/g  μg/g 
MIMTD5 
Soluble P 11.8 9.1 1.4 6.1 11.1 92.1 58.1 2128.8 801.9 615.6 428.1 
no P 12.1 9.8 1.5 4.9 10.9 150.6 91.8 2564.9 1430.7 1195.6 691.6 
MIMTD7 
Soluble P 18.8 12.9 3.8 2.4 20.8 422.5 92.2 778.6 2455.0 49.8 1433.8 
no P 10.0 14.6 4.8 2.5 19.5 288.6 85.1 690.0 2180.2 89.2 1356.3 
Significance 
of difference 
Tailings ns *** *** ** *** *** ns * *** *** ** 
P supply ** ns ns ns ns ns ns ns ns *** ns 
Tail. x P supply * ns ns ns ns * ns ns ns *** ns 
LSD0.05 3.58 2.46 1.11 2.17 2.55 132.26 57.99 1718.8 752.68 189.1 671.45 
 
6.5b - Atriplex nummularia 
Tailings P supply 
Ca Mg Na K S Co Cu Fe Mn Pb Zn 
mg/g  μg/g 
MIMTD5 
Soluble P 14.7 6.3 2.0 10.4 6.1 91.8 58.2 2920.9 672.3 408.5 433.1 
no P 15.5 6.4 2.3 7.3 7.0 57.6 65.3 1810.7 564.6 356.5 358.1 
MIMTD7 
Soluble P 15.9 12.7 4.6 7.9 13.8 388.3 90.3 2633.5 2446.6 182.0 978.7 
no P 11.9 13.6 5.2 8.0 12.9 387.4 77.1 1619.0 2846.0 139.6 1523.1 
Significance 
of difference 
Tailings ns ** *** ns ** *** ns ns ** ns ** 
P supply  ns 
Tail. x P supply  ns 
LSD0.05 4.67 4.54 1.76 6.8 5.5 178.7 77.0 2213.8 1446.8 459.5 621.3 
  *p≤0.05; **p≤0.01; ***p<0.001; ns-not significant
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6.3.3 Dynamics in solution P concentration 
 
In general, the concentrations of soluble Pi declined with time in both tailings with both species, but 
the rate of decline significantly differed between the MIMTD5 tailings and the MIMTD7 tailings 
(Figure 6-5 a,b). In MIMTD5+P with Acacia plants, the level of soluble P (μM) declined from 74 at 
week 2 to 6.5 at week 8, in comparison with no P treatment which was 26 μM at week 2 and 2-3 μM 
at week 3 and thereafter. In MIMTD7, the differences in soluble [P] in the pore water samples were 
small between the P treatments. At week 2, the [P] were 32 μM with P supply and 23 μM without P, 
and the concentrations became similar after week 2 between the two P treatments. A similar trend of 
decline in soluble Pi concentrations in the pore water samples was observed in MIMTD5 and 
MIMTD7 with A. nummularia. Numerical data are provided in the Appendices (Tables A 6-1 and A 
6-2). 
 
 
Figure 6-5 Solution P dynamics (μM, log scale) in the pore water extracted from the sand-root-tailings 
interface of Acacia chisholmii (a) and Atriplex nummularia (b) growing in weathered (MIMTD5) and 
unweathered (MIMTD7) tailings ± soluble P supply. Data are presented as means ± SEM (n=3). 
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The pH of pore water was neutral to slightly alkaline and were similar, regardless of tailings type and 
plant species (Figure 6-6 a,b). Weathered tailings were slightly more alkaline than unweathered 
tailings. With soluble P supply, pore water pH was slightly higher in both weathered and unweathered 
tailings in the presence of A. chisholmii (Figure 6-6 a), compared with non-P-treated tailings. Overall, 
pore water pH did not change with soluble P supply in the two tailings with A. nummularia. At the 
end of the eight-week period, the pH of pore water dropped about 0.5-1.0 pH unit with both A. 
chisholmii and A. nummularia grown in weathered and unweathered tailings ± soluble P. 
 
 
Figure 6-6 Changes in pore water pH in the pore water extracted from the sand-root-tailings interface 
of Acacia chisholmii (a) and Atriplex nummularia (b) growing in weathered (MIMTD5) and unweathered 
(MIMTD7) tailings ± soluble P supply. Data are presented as means ± SEM (n=3).  
There were significantly higher concentrations of cations and metals in the pore water samples in 
MIMTD7 than MIMTD5 (Tables 6-6 and 6-7). In particular, the concentrations of Mg and S were in 
very high in unweathered tailings. While the resulting salinity levels in the tailings pore water could 
negatively affect plant growth, both A. chisholmii and A. nummularia were still able to grow (Table 
6-6 a, b).  
6.50
7.00
7.50
8.00
8.50
MIMTD5 Soluble P MIMTD5 no P
MIMTD7 Soluble P MIMTD7 no P
6.50
7.00
7.50
8.00
8.50
2 3 4 5 6 8
(a) 
Weeks after transplanting 
(b) 
pH 
 122 
Table 6-6 Concentrations macro (mM) and micronutrients (µM) in the pore water collected from the sand-root-tailings interface of Acacia chisholmii (a) and 
Atriplex nummularia (b) growing in weathered (MIMTD5) and unweathered (MIMTD7) tailings ± P supply. Data are means of three replicates. 
6.6 a -  Acacia chisholmii 
Tailings P supply 
Ca Mg Na K S Al Cd Co Cu Mn Pb Zn 
mM µM 
MIMTD5 
Soluble P 16.6 20.2 5.2 1.2 27.4 6.0 0 3.7 3.0 7.2 0.0 20.6 
no P 18.1 21.1 4.3 1.3 27.1 3.8 0 7.4 3.0 38.2 0.0 52.4 
MIMTD7 
Soluble P 12.5 185.3 80.0 15.6 166.0 26.8 3.7 146.1 11.5 831.3 0.0 471.5 
no P 12.4 251.8 100.2 17.8 238.1 33.8 6.5 196.7 16.4 1648.3 1.7 759.7 
Significance 
of difference 
Tailings * *** *** *** *** *** na *** *** *** na *** 
P supply ns ** * ns ** ns  ns ** *  ns 
Tailings x P 
supply ns ** * ns ** ns  ns ** *  ns 
LSD0.05 4.0 17.4 9.1 2.2 17.7 5.2   67.0 1.6 328.0   239.0 
 
6.6 b - Atriplex nummularia 
Tailings P supply 
Ca Mg Na K S Al Cd Co Cu Mn Pb Zn 
mM µM 
MIMTD5 
Soluble P 16.5 30.2 2.1 0.8 33.7 3.3 0 4.5 4.0 22.7 0.0 60.9 
no P 19.3 58.8 2.2 0.9 55.6 6.5 0 4.6 6.2 9.9 0.0 46.7 
MIMTD7 
Soluble P 19.4 276.5 152.5 20.3 250.2 37.0 9.0 220.0 14.5 2038.3 1.4 1001.3 
no P 13.2 173.3 66.8 12.6 159.4 28.3 2.6 300.7 11.8 2036.2 1.7 1545.9 
Significance 
of difference 
Tailings ns ** * *** ** *** na ** *** * na ** 
P supply ns  ns 
Tailings x P 
supply ns  ns 
LSD0.05 8.7 124.7 77.6 6.2 104.7 10.7   166.5 3.6 1433   842.8 
  *p≤0.05; **p≤0.01; ***p<0.001; ns-not significant; na-not applicable
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With a soluble P supply, Mg, Na and S concentrations were significantly lower in unweathered 
tailings with A. chisholmii, while with A. nummularia, these differences were insignificant (Table 6-
7). The concentrations of Mn and Zn were about 100-fold higher and Al, Co and Cu were about 10-fold 
higher in the pore water of unweathered tailings with both A. chisholmii and A. nummularia, 
compared to the weathered tailings (Table 6-6 a, b). In general, soluble P addition lowered the 
concentrations of micronutrients in the pore water of the two tailings with A. chisholmii (Table 6-6 
a), with Cu and Zn were concentrations being lowered significantly (Table 6-7). A similar result was 
observed for Co and Zn in the pore water of unweathered tailings with A. nummularia in response to 
soluble P treatment (Table 6-6 b). However, the difference in other element concentrations in the 
tailings without a soluble P supply was insignificant (Table 6-7). The effects of P supply on the 
soluble solutes were variable from one element to another.   
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Table 6-7 Significance of individual and combined effects of tailings type (weathered and unweathered) and soluble P supply on the means of macro and 
micro nutrient concentrations in the pore water collected from the sand-root-tailings interface with Acacia chisholmii according to two-way analysis of 
variance (ANOVA).  
Tailings P supply 
Ca Mg Na K S Al Cd Co Cu Mn Pb Zn 
mM µM 
Acacia 
chisholmii 
Tailings * *** *** *** *** *** na *** *** *** na *** 
P supply ns ** * ns ** ns  ns ** *  ns 
Tailings x P supply ns ** * ns ** ns  ns ** *  ns 
LSD0.05 4.0 17.4 9.1 2.2 17.7 5.2   67.0 1.6 328.0   239.0 
Atriplex 
nummularia 
Tailings ns ** * *** ** *** na ** *** * na ** 
P supply ns  ns 
Tailings x P supply ns  ns 
LSD0.05 8.7 124.7 77.6 6.2 104.7 10.7   166.5 3.6 1433   842.8 
  *p≤0.05; **p≤0.01; ***p<0.001; ns-not significant; na-not applicable
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The presence and concentrations of carboxylates in the pore water samples were inconsistent between 
tailings types and P treatments (Table 6-8). Fumaric acid was detected in the pore waters of MIMTD5 
and MIMTD7 with A. chisholmii supplied with P, but not the -P treatment, while citric acid was only 
detected in the pore water of MIMTD7 with A. nummularia in both P treatments. Lactic acid was also 
observed in the pore water of MIMTD7 with A. nummularia supplied with P. 
 
Table 6-8 Carboxylates detected (µg/mL) in the pore water extracted from the sand-root-tailings 
interface of Acacia chisholmii and Atriplex nummularia growing in weathered (MIMTD5) and 
unweathered (MIMTD7) ± soluble P supply. Data are presented as means ± SEM (n=3). Asterisks (*) 
indicate organic acids that were detected but inconsistent among replicates within same treatment. 
Species  Tailings  P supply 
Carboxylic acid (µg/mL) 
Citric  Fumaric  Lactic Maleic 
Acacia 
chisholmii 
MIMTD5 
soluble P  0.7 (0.2)  * 
no P 5.9 (1.6) *   
MIMTD7 
soluble P * 4.4 (0.4)  * 
no P * *   
Atriplex 
nummularia 
MIMTD5 
soluble P     
no P     
MIMTD7 
soluble P 2.5 (0.2)  11.7 (1.6)  
no P 11.1 (5.1)   *   
 
 
6.4  Discussion  
 
The addition of phosphorus supply did not significantly increase plant growth of both species tested, 
but significantly increased P concentrations in the leaves and P contents in the shoots and roots of 
both plant species, regardless of the type of tailings in which the plants were grown. This increase in 
plant P concentrations was caused by the elevation of soluble P in the pore water, though the 
persistency of elevated P concentrations in pore water varied between tailings types. There were some 
indications of organic acid exudation by roots of the two plant species, but without consistent patterns 
of treatment and tailings effects, but fumaric acid was exclusively present with A. chisholmii and 
citric acid with A. nummularia. The lack of plant growth response to increased P supply may be 
related to the physiological stresses caused by the solute uptake and accumulation in plants, such as 
the soluble cations and metals in leaves. To some degree, the higher levels of salt (Mg, Na, S) and 
metal (Mn and Co) accumulation in the leaves are responsible for biomass reduction in plants growing 
in the unweathered (MIMTD7) tailings, compared with weathered (MIMTD5) tailings. There was 
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significantly higher accumulation of Mn, Co and Zn in the roots when grown in MIMTD7, than those 
in MIMTD5. These were consistent with the higher concentrations of soluble solutes (e.g., Mg, Na, 
K, SO4-S) and metals in the pore water of MIMTD7, than the MIMTD5. Meanwhile, pore water pH 
indicated that there was a high chances of the formation of metal-phosphates in both weathered and 
unweathered tailings. 
 
6.4.1 Growth responses to P supply and tailings 
 
Both A. chisholmii and A. nummularia have demonstrated an ability to grow in the unfavourable 
conditions of tailings in the present study. The growth responses by the species were attributable to 
the P requirement and the tolerance to high levels of soluble salt and metals. The P concentrations in 
the leaves (0.08-1.0 % dry mass) of A. chisholmii were similar, despite the different treatments 
(tailings and P supply). These concentrations were much lower than those that received higher 
amounts of soluble and sparingly soluble P forms in the sand culture experiments (Chapter 5). The 
leaf [P] in both A. chisholmii and A. nummularia were comparable to levels reported (0.07 % dry 
mass) in various native shrubs growing in the natural habitat (Foulds 1993), which may suggest that 
the plants could obtain optimal amount of P from tailings. With the adaptations to low-P environment, 
Australian acacias are equipped with highly efficient P uptake strategies (e.g., Specht and Groves 
1966; Aguilar and Diest 1981; He et al. 2011; 2012) and sensitive to excessive Pi in soil solution due 
to a lack of capacity to down-regulate increasing Pi availability (de Campos et al. 2013a). In the 
previous study, high levels of soluble P supply resulted in a significant increase in leaf P concentration 
albeit with an associated stunting of growth in A. chisholmii (Chapter 5). These characteristics suggest 
that high P supply may not be necessary for the growth of A. chisholmii due to the low P demand 
along with the highly efficient P uptake strategy. This leads to a conclusion that the precipitation of 
soluble P with metals in tailings pore water could reduce plant metal toxicity without detracting from 
the P availability to native species that are adapted to low concentrations of P in soil pore water and 
have the ability to acquire P from sparingly soluble P forms in tailings. The exception of high leaf [P] 
in A. chisholmii grown in MIMTD7+P (1.4 %) could be a result of higher initial plant-available P 
(Colwell-P) in MIMTD7 (10 mg P/kg) than MIMTD5 (1.5 mg P/kg), which would have contributed 
to the added P (Table 6-1).  
The growth responses, however, significantly differed between the two species grown in differently 
aged tailings: weathered (MIMTD5) and unweathered (MIMTD7) (Figure 6-2 and 6-3). The high 
salinity (Table 6-1) and solute concentration in the pore water (Table 6-6a) in MIMTD7 may have 
contributed to biomass reduction in A. chisholmii. Indeed, the accumulation of Na, Mg, S salts and 
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Co, Cu and Mn in the leaf tissue of A. chisholmii in MIMTD7 was much higher than those in 
MIMTD5 (Table 6-4 a). In freshly deposited MIMTD7 tailings, unoxidised minerals would have been 
oxygenated in contact with water and release metal cations and salts into pore water (Lottermoser 
2010). In contrast, MIMTD5 was geochemically stable due to the prolonged weathering and hence 
the dissolution of metals and metalloids in pore water was relatively low compare to MIMTD7 (Table 
6-6). Atriplex nummularia significantly increased leaf [P] with the increased P supply and the growth 
showed little increase following the P uptake but the effects of either tailings or P supply on growth 
were statistically insignificant (Table 6-3). Nonetheless, the lack of growth response by A. 
nummularia to either tailings type or soluble P supply was probably due to the higher tolerance to 
elevated salt and metals (e.g., Lutts et al. 2004; Mendez et al. 2007) than A. chisholmii. The excess 
of metal salts in pore water may have reduced optimal nutrient uptake and balancing by, and nutrient 
balance in, the plants. In particular, chemical and physical stresses on roots in tailings may have 
suppressed root nodulation, which in turn could cause N deficiency. 
 
6.4.2 Pore water P in tailings with high P-fixing capacity 
 
The differential rates of [P] decline in pore water between MIMTD5 and MIMTD7 suggests that the 
tailings may be related to the P sorption capacity. In the previous study, MIMTD7 was significantly 
high P-fixing than MIMTD5 since the P-buffering index (PBI) very high unweathered tailings 
(PBI=1400), compared with weathered tailings (PBI=600). The high P-fixation in MIMTD7 was 
related high reactive surfaces provided by the fine grains and metal oxides (e.g., Fe and Mn) and 
carbonates (Ca and Mg) (refer to Chapter 4). In pore water of MIMTD7, soluble Mg, Mn, Zn were 
significantly higher than MIMTD5, regardless of different species and P treatments. This indicates P 
binding with these minerals could be high in MIMTD7, reducing plant-available P in pore water. 
With the addition of soluble P, the concentrations of Al, Co, Mn and Zn in the pore water of two 
tailings in the presence of A. chisholmii were lower than in the tailings without P treatment (Table 6-
6 b). A similar result was observed for Al and Cu in weathered tailings and Co and Zn in unweathered 
tailings treated with soluble P in the presence of A. nummularia (Table 6-6b). The precipitation of 
soluble P with these metals and metal salts in tailings could lower the potential metal toxicity to the 
plants growing in tailings. The pore water pH data supports the likelihood of metal-phosphate 
precipitation since most micronutrients increase sorption capacity at neutral to alkaline pH (Kabata-
Pendias 1993). Many studies have shown that about 50-90% of the metals in soil solution can be 
precipitated when soil solution pH > 5.5 (See Reichman (2002) for more details). The use of 
phosphate fertilisers in chemical stabilisation of contaminants in tailings are common (Eusden et al. 
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2002; Harris and Lottermoser 2006; Munksgaard and Lottermoser 2013) and the findings claim to be 
effective. Such an interaction could be useful for native species to be established in tailings since 
roots are adapted to low P concentration in soil pore water.    
In regards to plant availability in the weathered and unweathered tailings, the pore water [P] in two 
tailings with A. chisholmii and A. nummularia was comparable to optimum solution [P] reported for 
native shrub species. For example, Shane et al. (2004) reported Hakea spp. obtained maximum 
growth when solution [P] was <10 μM. Elsewhere, Smethurst et al. (2001) reported soil solution P in 
unfertilised, low-P soils under Eucalyptus spp. was as low as 0.02-1.27 μM. Irrespective to soluble P 
supply, [P] in pore water was consistently low (2.5-3.3 μM) for four consecutive weeks (Figure 6-6), 
which suggests that both species may be able to maintain normal growth at soil solution [P] is around 
3.0 μM. In a separate experiment, young A. chisholmii seedlings maintained [P] in the pore water 
~3.0 μM for three consecutive weeks when P was supplied in sparingly soluble forms (refer to Chapter 
5). Given the sophisticated P acquisition strategies in native plant species, the question remains as to 
whether the roots can access metal phosphates in tailings and whether this could benefit the long-
term P-fertilisation input into tailings. 
 
6.4.3 Effects of salt and metal accumulation on growth 
 
The combined effects of high level salinity and soluble heavy metals would have caused some degree 
of physiological stress for the plants growing in tailings, which may be responsible for the low root 
to shoot biomass ratio in both A. chisholmii and A. nummularia (Figure 6-5a, b). Following the high 
solute concentration in tailings pore water (Table 6-6 a, b), Co, Zn and Mn accumulation in leaf and 
root tissue increased in A. chisholmii but such an increase did not seem to affect growth. Instead, the 
growth of A. chisholmii may have been affected by the increases of salt concentration in the pore 
water. The electric conductivity of pore water solution at the plant harvest was at least 5.5 and 44 
mS/cm in MIMTD5 and MIMTD7 respectively (Table A 6-3), which exceeded the soil salinity level 
in natural habitat of A. chisholmii (refer to Chapter 3). This suggests that Acacia spp. would be 
sensitive to salinity and sodicity but may be able to tolerate excessive heavy metals. Since A. 
chisholmii occurs in soils with high Fe and Mg mineralisation, this species may have inherent 
strategies that have assisted, to some degree, resistance to metal accumulation when grown in tailings. 
The highest concentrations of Cu, Mn, and Zn in the leaf tissue of A. chisholmii were either below or 
similar to the tolerance levels of Acacia spp. reported by Reichman et al. (2001). Thus the metal 
toxicity would have been less acute in reducing biomass in A. chisholmii. With the high 
concentrations of Mg, Na, K, Co, Cu, Mn, and Zn in the leaf and root tissue, A. nummularia confirmed 
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the previous findings about high tolerance of Atriplex spp. to elevated levels of salt and heavy metals 
in tailings (Booth 1985; Osborne 2000; Lutts et al. 2004; Mendez et al. 2007) and contaminated sites 
(Low et al. 2005). The leaf concentration of Cu, Zn were below or in similar range to Atriplex spp. 
were reported in the literature (Lutts et al. 2004; Mendez et al. 2007), confirming that the A. 
nummularia can tolerate high levels of heavy metals in mine tailings. In MIM tailings, Mg, S and Na 
accumulation in the shoot may have contributed to biomass reduction in the species, especially for 
non-halophyte A. chisholmii. Metal accumulation in the shoot was less acute than salt toxicity since 
accumulation of micronutrients, such as Mn and Zn, in the shoot tissue is common among native 
woody species adapted to low nutrient environment (Foulds 1993). 
 
6.4.4 Importance of root exudation and implications of metal uptake in tailings  
 
Roots exude low molecular weight organic acids or carboxylic acids in acquiring low-soluble 
nutrients, such as P, Fe and Mn from sparingly soluble sources (Jones 1998). In the tailings, low P 
availability may have enhanced carboxylate release, with particular reference to the presence of 
citrate. Citrate occurred in the pore water of tailings with both A. chisholmii and A. nummularia (Table 
6-8). The concentration increased in the tailings without P addition, suggesting the absence of P 
supply may have induced P acquisition form tailings minerals by the species. Citric acid is commonly 
released in high amounts by crop (e.g., Lupinus spp.) and Australian native species (e.g., Banksia and 
Hakea spp.) in acquiring P from Fe-P and Al-P from soils (Gardner et al. 1983; Lambers et al. 2002). 
In metal-rich waste material, P availability enhanced high amounts of citrate released by Cucurbita 
pepo L. (Gent et al. 2006). The function of fumarate and lactate were reported in relation P acquisition 
from soil minerals by native species (Dinkelaker et al. 1989; Grierson 1992), although mono-
carboxylates, such as lactate, can also be a metabolic product (Neumann 2007). Apart from that, many 
studies reported metal-tolerant plants release high amounts of citrate and oxalate in immobilising 
metals in the rhizosphere (Hill et al. 2002). As such, root exudates have high importance in reducing 
phytotoxicity of metals by forming stable organo-mineral complexes in the rhizosphere, fulfilling the 
aims of phytostabilisation (Kidd et al. 2009).  
While carboxylate release may benefit nutrient uptake or immobilisation of phytotoxic metals, the 
increased release of organic acids can cause rhizosphere acidification, which can increase metal 
solubility (Banks et al. 1994; Burckhard et al. 1995; Jacob and Otte 2004). Carboxylic acids carry H+, 
enhancing rhizosphere acidification (Jones 1998), which releases P ions from Fe, Al and Ca under 
neutral to alkaline condition. However, this depends on the stability constant of heavy metals and the 
carboxylic acid anions, rather than carboxylate ions (Gardner et al. 1982). In the present study, pore 
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water pH was consistently neutral (~7.0) throughout the experiment (Figure 6-6), at which most 
metals are low-soluble. However, the pH in the rhizosphere is often lower than the bulk soil 
(Hinsinger et al. 2003). Thus, pore water may have a dilution effect on the concentration and 
composition of carboxylates and associated pH changes in the rhizosphere.  
 
6.4.5 Concluding remarks and remaining questions 
 
In conclusion, the species tested in this study responded P supply but increased P uptake could not 
benefit growth due to physiological stresses. Increased salt accumulation and possible anoxia may 
have interfered biomass production. The pH environment in tailings was suitable for plant growth, 
without immediate risk of metal leaching or phytotoxicity. However, unweathered tailings was more 
toxic than weathered tailings. It shows that geochemical stability is important in reducing soluble salt 
and metal release from the oxygenation of mineral oxides and sulfide minerals. Native shrubs 
appeared to be resistant to increasing metal concentration in the pore water, particularly A. 
nummularia, but A. chisholmii was sensitive to salinity. In addition, biological (e.g., root exudates, 
bacterial respiration) and chemical reduction of amorphous and poorly crystalline Fe (III), Mn (IV) 
and carbonate minerals (Gardner et al. 1982; Laanbroek 1990) can cause increase in solute 
concentration in the pore water of tailings. The current literature shows controversial views about 
positive and negative impacts of rhizosphere acidification with carboxylate release on the heavy metal 
leaching and phytotoxicity in tailings. These results raise questions on (i) whether or not native 
species with high P-efficiency would employ carboxylates to acquire P from tailings minerals and (ii) 
If species do take up P from tailings, what are the rhizosphere processes (such as acidification and 
metal complexation) involved in P acquisition and their impacts on tailings pH and solubility of 
metals and metal-salts.  
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Chapter 7 
7 General discussion and conclusion 
 
7.1 Introduction 
 
The present research was conducted as part of a multiple-component research project investigating 
direct revegetation options (with minimal soil resources) for phytostabilising base metal tailings 
under semi-arid subtropical climatic conditions, through reconstructing root zones in tailings with 
OM and inorganic fertilisers. In order to develop a suitable P-fertiliser regime, the research is needed 
to understand the potential risk of excessive levels of soluble Pi in tailings pore water and the ability 
of candidate native plant species to access sparingly soluble P forms in the root zone of amended 
tailings. The research was undertaken on the bases of series of hypotheses to investigate the fate of 
P-fertilisers in tailings and the biogeochemical implications on P supply and availability to selected 
plant species to be established in tailings in a semi-arid environment.  
In summary, the key findings of this thesis were: 
 The candidate native plants are highly adapted to P-deficient soils, which are highly weathered 
and typically rich in Fe and Al oxides/oxyhydroxides and carbonates. As a result, the vast 
majority of the soil P exists in association with Fe, Al and Ca with extremely low levels of P 
in soil solution. In such conditions, native plants have evolved with sophisticated root P uptake 
strategies that enable roots to explore large volumes of soil to absorb P from soil solution 
and/or release plant-available Pi from soil minerals through biochemical modifications in the 
rhizosphere.  
 Organic matter incorporation with P-fertiliser can delay the formation of stable P-mineral in 
recalcitrant P pools in tailings. Meanwhile, soluble Pi distributed in NaHCO3-P and NaOH-P 
pools can allow a slow but continual P supply with low risks of P toxicity to the native plants 
species with high P sensitivity. The reactions between P-fertiliser with hydrous metal oxides 
and carbonates in tailings form low-soluble Fe-P, Mn-P, Ca (Mg)-P and Al (Si)-P. 
 Acacia chisholmii and Ptilotus exaltatus, the representative native candidate species for the 
revegetation of MIM tailings, can utilise mineral-P forms from moderately labile or sparingly 
labile P pools in amended tailings. For the species with inherent slow-growth and highly 
efficient internal P cycling, the reliance on mineral-P sources may be lower than faster 
growing herbaceous plants.  
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 To fully utilise native species with high P efficiency, physiological stresses associated with 
salinity should be alleviated prior to large scale vegetation establishment in tailings 
impoundments. In this regard, freshly deposited tailings need to be amended and weathered 
to reach a certain degree of geochemical stability.  
Despite the selection of native species varying among the experimental chapters in the thesis, the 
examination of A. chisholmii, P. exaltatus and A. nummularia added further information to the 
previous findings obtained from past and present field trials in Mount Isa (Chapter 2) and data 
published in the literature. Overall, the selected plant species are mutually compared for P demand 
and P acquisition characteristics in response to soluble P supply (Chapter 5 and 6). The findings in 
this regard are highly valuable for designing the P-fertilisation strategy in tailings revegetation for 
closure. 
From the present findings, the characteristics of fertiliser-P in metal-rich tailings and plant responses 
to available P forms are discussed further below in relation to the mineralogical and geochemical 
characteristics of base metal mine tailings. 
 
7.2 Nature of soil P distribution and adaptation of native plants to low P 
availability in a semi-arid environment 
Most Australian soils are very low in plant-available P (bicarbonate-extractable P) and the vast 
majority of soil P is fixed by Fe, Al and Ca (Wild 1958; Samadi and Gilkes 1998; Bentley et al. 1999). 
Indeed, the P fractionation analyses in soils beneath candidate native species demonstrated that the 
vast majority of soil P occurred in low-soluble forms [e.g., NaOH (0.1 M) and HCl (1.0 M)], while P 
that is immediately available for plant uptake (CaCl2-Pi) was almost negligible (Chapter 3). In a 
sparsely vegetated landscape, soil P distribution is highly heterogeneous, following the root activity 
and litter accumulation (Cross and Schlesinger 1995). In particular, organic P (Po) fractions were 
significantly higher beneath vegetation stands than bare ground. The high Po must be derived from 
dead plant biomass (e.g., leaf litter and dead roots) accumulated at vegetated stands (Vitousek 1984). 
The further implication of this higher microbial transformation of Po to Pi by mineralisation of P 
contained in OM sources. Indeed, Pi and Po fractions in low-soluble P pools are closely related to 
plant-available P forms (Labile Pi), suggesting that there is an interchange between these pools. This 
identifies further research needs to explore the differences in leaf litter characteristics in relation to 
litter decomposition rate and nutrient release, particularly for P mineralisation, to better understand 
the P cycling regime in the natural ecosystems around the tailings area. Knowledge acquired from 
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that will assist in evaluating P cycling processes in revegetated tailings with the selected native 
species and amendment inputs. 
While Po fractions would be mostly available through biological transformation or mineralisation, 
root activities (e.g., phosphatases and root exudation) can increase solution Pi by mobilising low-
soluble P from soil minerals (Jones 1998). In natural landscape, native species play the central role 
in P cycling in nutrient-impoverished soils with the highly efficient and external mechanisms (e.g., 
root proliferation and exudation) to utilise P from small pools of organic and inorganic P in soil.  
From the present findings, the candidate native plant species are adapted to infertile and highly-
mineralised soils under semi-arid subtropical climatic conditions. This implicates that it is 
unnecessary to maintain high levels of soluble Pi in the rhizosphere of candidate native species in 
tailings revegetation program. However, it is unknown if these species can acquire P from sparingly 
soluble P-minerals in the tailings, which will be formed as a result of the reactions between P-fertiliser 
and primary and secondary minerals. 
 
7.3 Phosphorus fractions in amended tailings and their significance to 
candidate native plant species 
In tailings, the soluble fertiliser-P is readily transformed when in contact with the minerals, forming 
various mineral-P associations, such as Ca-P, Fe-P, Mn-P, Pb-P, Zn-P, Cu-P, and others, since the 
tailings are rich in these elements that derived from primary and secondary minerals. These P-mineral 
forms would be the long-term P source for the candidate native plant species equipped with the 
adaptive root strategies to access mineral-P. Understanding the distribution of the added fertiliser-P 
in the tailings is the pre-requisite to the assessment of P toxicity in native plant species.  
Phosphorus sequential fractionation in incubated soils amended with OM and fertilisers have been 
widely used in monitoring soil P dynamics and P transformation in agricultural soils with different 
fertilisation history (e.g., Hedley et al. 1982b; Nziguheba et al. 1998; Negassa et al. 2008; Xavier et 
al. 2010) and mine waste materials (Chen et al. 2009). The Hedley P fractionation procedure (1982b) 
is particularly common in this approach since it distinguishes P pools most closely related to plant P 
uptake (Cross and Schlesinger 1995; Negassa and Leinweber 2009). Thus it was hypothesised that 
the distribution of fertiliser-P among various P pools in tailings amended with OM and the formation 
of P-mineral compounds within P pools would be dependent on the weathering stages and ore 
mineralogy of tailings. Consequently, different P-fertilisation strategies may be required for 
individual tailings to maintain available P for candidate plant species. 
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The hypothesis was true as the fertiliser-P distributed among P fractions associated with minerals in 
the tailings and the addition of OM altered the relative P distribution, but did not fundamentally 
change the characteristics of P distribution among various P fractions. There was little or no 
difference in P distribution in labile and moderately labile P pools from di-ammonium hydrogen 
phosphate (DAP) supplied at 50 and 100 kg P/ha in weathered and unweathered MIM tailings (Cu-
Pb-Zn-Ag). The exception to this conclusion was the freshly deposited EHM tailings (Fe-Cu-Au), 
which contrasted from MIM tailings through high proportion of labile P pool with the combined 
treatments of OM and DAP. The addition of OM to tailings significantly increased DAP-P 
distribution in the labile and moderately labile P pools by decreasing sparingly labile P pool in all 
three tailings type. Overall, P distribution patterns in the MIM tailings amended with OM and DAP 
was comparable to soil P distribution patterns in lateritic calcareous soils beneath candidate native 
plant species in Mount Isa (Chapter 3). But the P-distribution in EHM was more similar to sandy 
soils.   
The effect of OM and DAP combined treatment was highly pronounced on moderately labile P in 
three tailings. In soils, moderately labile P fraction represents the P associated with Fe and Al oxides 
and the proportion of this fraction increases with increasing degree of weathering in soils (Sharpley 
et al. 1987). There are range of P-binding minerals in the tailings investigated, including amorphous 
and poorly crystalline Fe and Mn and Al/Si, originating from ankerite, kaolinite, siderite, muscovite 
in MIM tailings and magnetite and its derivatives from redox process in EHM. Further to hydrous 
metal oxides, calcite and dolomite were common in all three tailings concerned, along with varying 
presence of other carbonates (e.g., ankerite and siderite). Under neutral to alkaline pH, fertiliser-P 
precipitates with Ca (Sanchez and Uehara 1980). Although dilute acid extraction (HCl, 1.0 M) was 
not carried out for the incubated tailings, the preliminary data indicated that a substantial amount of 
fertiliser-P can be recovered in HCl-P pool, suggesting that Ca-P compounds were formed in these 
tailings with neutral to slightly alkaline pH (6.5-7.3). The likely mineral-P compounds formed with 
the added fertiliser-P in these tailings would be dominated by Fe-P (e.g., strengite), Al-P (e.g., 
variscite) and Ca (e.g., hydroxyapatite) (Hackinen 1985), in addition to other metal phosphates 
(metal-P), such as Pb-P, Zn-P and Cu-P (e.g., pyromorphite), which can be highly stable under the 
pH conditions concerned. Total concentrations of metals and cations are high in these tailings due to 
the nature of mineralisation of base metal ores (refer to the data in Chapter 2). By far, it is plausible 
to attribute the adsorption of fertiliser-P to surface precipitation from the reactions of phosphate with 
metals in the tailings, although the exact species of these precipitates remain to be characterised. 
Elsewhere, Eusden et al. (2002) reported a formation of outer coating of insoluble tertiary metal-P, 
which was comprised of non-labile pyromorphite and apatite-type P in highly oxidised Pb-Zn tailings 
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amended with soluble P-fertiliser. The surface coating of metal-P with water-soluble P-fertiliser was 
also observed in waste rock from base metal mines (Mauric and Lottermoser 2011). 
Although OM altered the P distribution pattern in the tailings but, in the short-term observation, the 
P retained in the OM fractions may be more likely due to the direct adsorption of Pi by the OM, rather 
than from the mineralisation and transformation of organic carbon. The microbial activity was 
extremely low in the tailings examined (based on CO2 emission), compared to that in natural soils 
around MIM tailings impoundments (You 2012). The low microbial activity in the amended tailings 
caused no only by the low abundance of organotrophs, but the nature of the added OM with a high 
C:N ratio (221:1). Microbial degradation of the added OM is likely to be slow under poor microbial 
diversity in the tailings. Native microbial community in the tailings from the same sampling point are 
predominantly comprised of Fe and S reducing bacteria (Li 2013).  
These results presented in the Chapter 4 led to a conclusion that the initial root zone amelioration in 
these tailings will require high levels (e.g., 300 kg P/ha) of P-fertilisation to significantly elevate the 
labile and moderately labile P pools, but without significant impacts on the soluble Pi fraction. This 
minimises the acute impacts on the native species with high Pi sensitivity among native plant 
communities to be established in the tailings. The combined treatments of slow-decomposing OM 
and P-fertiliser may be useful option for the initial P-fertilisation in these tailings for providing low-
intensity P supply for native plant species. The candidate plant species for the revegetation of MIM 
tailings may be capable of mobilising P from the moderately labile P pool through adaptive P 
acquisition strategies, which are to be clarified. In the longer term, the application of OM amendment 
can partially include high quality OM (C:N ratio=20-30:1) to stimulate microbial degradation, which 
can accelerate aggregate formation through organo-mineral association and nutrient cycling in 
amended tailings. However, care must be taken in choosing appropriate proportion and the type of 
high quality OM since OM with high N contents (low C:N ratios) favour the growth and competition 
of grasses over slow-growing species through water use under semi-arid climatic conditions (Wardle 
et al. 2004). 
 
7.4 Phosphorus acquisition from sparingly soluble sources by candidate native 
species   
There has been a large volume of research published in the literature, regarding the efficient P 
acquisition strategies by native and crop species from sparingly soluble P sources in soils (e.g., Pearse 
et al. 2006a; Playsted et al. 2006; Shane et al. 2008). In particular, carboxylate-induced P uptake from 
sparingly soluble sources by cluster-root forming species are well documented (Lamont 1981; 
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Lambers et al. 2012). There are some evidences that non-cluster-root-forming native species can 
access sparingly soluble P from soils using carboxylate release and mycorrhizal symbiosis (Pang et 
al. 2010a; He et al. 2012; Suriyagoda et al. 2010; 2012). These studies agreed on native species from 
P-deprived environments have evolved with adaptive root morphology (e.g., fine roots), coupled with 
root biochemical strategies to utilise P from soil minerals (Lamont 1982; Lambers et al. 2006; 2010). 
This has led to hypothesise that native plant species naturally colonising the highly infertile and 
mineralised soils in Mount Isa regions may be equipped with efficient root strategies to acquire P and 
sustain growth, although slow, which would enable them to explore the moderately to sparingly 
soluble P-minerals in amended tailings when they are used in revegetation.   
The results from this thesis have demonstrated that both A. chisholmii and P. exaltatus can utilise P 
from sparingly soluble mineral-P, which release minor levels of Pi in the pore water of amended 
tailings. The P concentration in the leaves indicated that the P status of the studied species was 
comparable to the woody and herbaceous plants sampled from their natural habitat of south-western 
Australia (Foulds 1993) and to those naturally occurring in unmined sites around the tailings in Mount 
Isa (Chapter 3). However, the amount of Relative P Uptake (RPU) and the preference to P sources 
was varied between the two species studied, in relation to the seed P content and size, growth rate 
and subsequent P demand. Approximately 16-27% of the whole-plant P in A. chisholmii were from 
the P stored in the seeds, while for P. exaltatus seed-P accounted for 0.3% of the whole-plant P. 
Conversely, RPU values were relatively higher in P. exaltatus than A. chisholmii. The lack of seed P 
reserve and rapid biomass expansion would have led P. exaltatus to scavenge on external sparingly 
soluble P sources more efficiently than A. chisholmii. In response to different forms of sparingly 
soluble P supply, P. exaltatus did not show any preference to a particular form, while A. chisholmii 
showed a preference for Mn-P.  
Clearly, the contrasting responses of A. chisholmii and P. exaltatus to the abundance of Pi in the 
soluble P treatment (K-P) of a sand culture experiment supported the argument on differential species 
responses are expected in regards to P-sensitivity in native plant species. Due to the adaptation to 
low-P environment, some Australian native species are unable to down-regulate the P uptake from 
high levels of soluble Pi supply (Playsted et al. 2006; Lambers et al. 2010). As such, at ‘adequate P’ 
supply as K-P in the sand culture, foliar P concentrations reached 4% dry weight (dwt) in A. 
chisholmii, causing P toxicity response expressed as biomass reduction and early chlorosis of mature 
leaves. In contrast, P sensitivity symptoms were not observed for P. exaltatus. At high P abundance, 
the fast-growing herb P. exaltatus grew well with the luxurious supply of soluble Pi without showing 
toxicity symptoms when the shoot P concentration was as high as 14.3 mg P/g dwt or 1.4 % dwt. This 
exceeded the level (>1 % dwt) that is considered toxic for most plants (Marschner 1995). Such a high 
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P accumulation in the shoot biomass is uncommon compare to published results for wide range of 
herbaceous species screened in south-western Australia (Foulds 1993) but this is somewhat 
characteristic to Ptilotus species. Previously, Ryan et al. (2009) have shown that P. polystachyus can 
accumulate P in the shoot tissue as high as 40 mg P/g dwt with no apparent toxicity. These findings 
collectively demonstrate that different native species have different ranges of tolerance to high 
solution P concentrations and high-level P supply and uptake may favour those native species tolerant 
to high levels of soluble Pi, leading to species dominance. 
Both A. chisholmii and P. exaltatus do not form cluster roots and it is unclear if their roots form 
mycorrhizal symbiosis in their natural environment, despite literature data showed the species can 
host mycorrhiza, if inoculated (Standish et al. 2007; He et al. 2012). Perhaps, one of the important 
root strategies of these species to access sparingly soluble P could be the adaptive root morphology 
(long fibrous roots), coupled with rhizosphere acidification by carboxylate release (Figure 7-1).  
 
 
Figure 7-1 Possible root strategies of candidate native species in acquiring P from sparingly soluble P 
sources in tailings amended with OM and P-fertiliser. In order to mobilise P from sparingly soluble 
sources, the candidate native plant species examined in this study are most likely long fibrous roots, in 
couple with the exudation of organic ligands. Mycorrhizal symbiosis in the species examined is unlikely, 
although AM symbiosis is possible by inoculation.  
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The results reported by Pang et al. (2010a; 2010b) have shown that the decrease of P availability has 
not only increased root length and fine roots but also increased carboxylate release. In recent studies 
on various Australian native species, including Acacia (He et al. 2012) and Ptilotus spp. (Suriyagoda 
et al. 2010; 2012), have found carboxylate release and rhizosphere acidification were the key strategy 
to increase P uptake from either sparingly soluble P or under severely P-limited condition (Figure 7-
1). In particular, tri-carboxylates, such as citrate, malate and malonate, were commonly exuded in 
high amounts in the rhizosphere of these species studied (He et al. 2012; Suriyagoda et al. 2012). The 
organic acids could increase P availability through either rhizosphere acidification (e.g., P 
dissolution) or complexation of metals binding Pi (e.g., chelation). Besides, for N2-fixing legumes (in 
the case of Acacia) rhizosphere acidification can occur through increased anion activity in soil 
solution due to higher cation uptake by N2-fixing plants (Tang et al. 1999). This aspect had benefitted 
for a N2-fixing legume in increasing P uptake from rock phosphate (Aguilar and Diest 1981). There 
was no apparent pH reduction occurred in the rhizosphere of P. exaltatus. Thus the strategies involved 
in efficient P uptake by candidate native species need to be investigated to clarify carboxylate 
composition and its effects on rhizosphere pH. 
 
7.5 Physiological constraints to the growth of P-efficient native species in 
tailings 
 
While P supply may improve plant growth in amended tailings, other dominant constraints may limit 
plant responses to improved P availability. Due to the high evaporative moisture loss, metals and 
metal-salt accumulation in the surficial layers (e.g., 0-40 cm) of the tailings increases through upward 
capillary movement of soluble solutes in the pore water through capillary rise (Dold and Fontboté 
2001). Many revegetation studies have reported high salt and metal toxicity (in the case of acidic pH) 
in tailings, which are resultant of mineralogy and pH conditions (e.g., Shu et al. 2001; Ye et al. 2002; 
Conesa et al. 2006). The results from this study found that the unweathered Cu-Pb-Zn-Ag tailings 
was more toxic to plant growth since it was freshly deposited without undergoing extensive 
weathering processes. In unweathered tailings, excessive accumulation of salt and metal in plants 
resulted in biomass reduction in A. chisholmii and A. nummularia, despite the increase in foliar P 
concentration with the added soluble Pi supply (Chapter 6). In particular, the high levels of Mg, S, 
Na were detected in the leaves, which may have suppressed leaf photosynthesis and caused biomass 
reduction for A. chisholmii. Salt toxicity may be less pronounced for halophytic plants, such as A. 
nummularia, but salt tolerance may be compromised by heavy metal toxicity. The interactions of 
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these biogeochemical factors in the rhizosphere with root exudation of organic acids are yet to be 
investigated. On the other hand, phosphates added as P-fertilisers may form precipitates with metals 
in tailings, which may reduce the concentrations of phytoavailable metals and metalloids in the pore 
water and subsequent plant metal uptake in excess. Although statistically insignificant, there was a 
clear trend that soluble P-treatment reduced concentrations of Co, Mn and Zn in the pore water of 
weathered and unweathered tailings (Chapter 6). The effects of adding soluble Pi in base metal mine 
tailings on soluble metal concentrations in pore water are worth further investigation, which may be 
used to alleviate the risk of heavy metal toxicity in plants.   
Increases in phytotoxic metals and metalloids in pore water and/or seepage water and acidification 
are the direct results from oxidation of sulfide minerals (e.g., pyrite) cause acidification in surface 
impounded tailings (Lottermoser 2010). Regardless of weathering state, the two MIM tailings had 
neutral pH, which did not change throughout the experiment as far as the pore water pH concerned. 
However, the increased solute concentration in the pore water of unweathered tailings at neutral pH 
could be due to the dissolution of unoxidised minerals in tailings when exposed to free water. This 
emphasises the importance of hydro-geochemical stability as a prerequisite to root zone remediation 
in the tailings for phytostabilisation (Huang et al. 2012a).  
Despite inconsistent appearance, the carboxylates detected in the tailings pore water imply 
significance of root and, possibly, microbial activities to geochemical properties of rhizosphere in 
amended tailings. Both A. chisholmii and A. nummularia released citrate in higher amounts in the 
tailings that did not treated with soluble Pi supply, compared with those receiving soluble Pi 
treatment. From the P availability point of view, the lower shoot P concentration in the plants without 
receiving P treatment may have led to increase citrate exudation to mobilise P from mineral-P sources 
in the tailings (Gardner et al. 1982; Shane et al. 2008). In many studies, reduced P availability led 
native plant species to exude citrate in high amounts (Grierson 1992; Pang et al. 2010a), which 
enhanced P availability from mineral-P sources, such as Fe-P and Al-P (Lambers et al. 2002; Shane 
et al. 2008). However, further investigation is necessary to identify carboxylate composition and 
associated mechanisms (e.g., dissolution/chelation) of the candidate native species in a tailings 
environment.    
On the other hand, the mechanisms of P mobilisation from soil minerals by citrate and oxalate occur 
through ligand exchange or the complexation of P-bearing metals (Jones 1998; Shane and Lambers 
2005a). These processes have important implications in not only P acquisition from tailings but also 
in reducing metal toxicity in plants growing in amended tailings. The root exudation of citrate and 
oxalate can form stable organo-mineral complexes with soluble Zn (Burckhard et al. 1995), Al (Ma 
et al. 2001) in the rhizosphere and reduce phytotoxicity of these minerals. However, the carboxylates 
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carry H+, which can cause acidification (Stevenson 1967) and concomitant metal release in tailings 
pore water (Banks et al. 1994; Burckhard et al. 1995; Jacob and Otte 2004). These suggests the further 
investigation is necessary to understand the root exudates and its biogeochemical implications in root 
zones of reconstructed from amended tailings.  
 
7.6 Conclusion and future research directions 
 
The present project aimed to establish the understanding of fertiliser-P reactions and distribution in 
base metal mine tailings and P availability for the establishment of key native plant species which are 
to be used for phytostabilising base metal mine tailings under subtropical and semi-arid climatic 
conditions. Key findings are: (1) it is highly unlikely to elevate the soluble Pi concentration in the 
pore water, due to the rapid adsorption of phosphate by the primary and secondary minerals in the 
tailings, which minimise the risks of P toxicity concern in sensitive native plant species, such as A. 
chisholmii, in comparison with P. exaltatus and (2) the studied native plant species acquired P from  
sparingly soluble P-minerals due to their physiological adaptation to high P-fixing soils with low 
plant-available P, but their responses to adequate P availability are greatly suppressed by the presence 
of high levels of solutes including cations, sulphates and metals in the rhizosphere. These findings 
provide the basis for a capital phosphate inputs when amending the tailings for plant establishment, 
without the concern of P toxicity risks (Figure 7-2).  
The formation of sparingly soluble mineral-P in the tailings could be add-on benefits to alleviate the 
uptake of heavy metals by plants, an investigation to be the subject of future study. The kinetic 
modelling of cation and anion species in the interface of solid and solution phases should be carried 
out to investigate the effects of various amending materials. 
The characterisation of root exudates (including carboxylate composition) of the key native plant 
species under low P availability should be carried out in further studies. The methodology of sampling 
root exudates and the analysis of organic compounds should be improved to be able to accurately 
detect the whole range of organic acids, by means of liquid and gas chromatography-mass 
spectrometer (LC-MS and GC-MS) (Dakora and Phillips 2002; Kelebek et al. 2009; Koubaa et al. 
2013). The research of root strategies for P acquisition in native plant species should be broaden to 
include more species representing grass, woody shrubs and forbs, in response to the OM and fertiliser 
treatments in the tailings. Further work should also be extended to investigate the influence of root 
exudates on the uptake of heavy metals by these native plant species. 
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Figure 7-2 Conceptual model for the fate of P-fertilisers and P uptake characteristics of the candidate native plant species in amended Cu-Pb-Zn-Ag tailings. 
The high amounts of soluble P-fertiliser supply in combination with OM buffer soluble Pi in the forms of labile (e.g., surface adsorbed Pi) and moderately 
labile P, without elevating solution Pi to a level that is toxic to the candidate native plants. In a long term, OM can stimulate the biological transformation of 
soluble Pi (i.e., microbial biomass P). The metal-P formation in sparingly soluble P pool may reduce the risk of phytotoxicity of solubility of metals and 
metalloids in tailings to native species. Native species with efficient P uptake strategies can acquire P from labile and moderately labile P pools. Long, fibrous 
roots and root exudation were presumed as primary strategy that can be employed in P acquisition by the native species from low-soluble P sources. With 
the adaptation to low-P environment, candidate native species may accumulate P in their tissue for growth but this strategy coincided with physiological 
stress associated with elevated concentrations of soluble solutes in tailings pore water. 
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Appendices 
 
Chapter 2 
 
 
A 2-1 Long term annual maximum temperature in Australia and Mount Isa Mines (starred) area 
between 1976-2005. 
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A 2-2 Long term annual minimum temperature in Australia and Mount Isa Mines area (starred) 
between 1976-2005. 
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Chapter 3 
 
A 3-1  Percentage of soil P fractions in total P (%) in topsoil beneath Acacia chisholmii and Triodia pungens  
Species 
Soil 
Depth 
CaCl2 NaHCO3 NaOH HCl Residual Total Total 
  cm Pi Pi Po Pi Po Pi Po P Pi Po 
Triodia pungens 0-5 0.2 2.0 4.6 2.5 11.4 14.2 0.7 64.5 18.8 16.7 
  5-10 0.3 1.5 3.8 3.1 5.9 6.2 1.3 77.9 11.1 11.0 
  10-20 0.03 1.3 0.9 1.3 3.0 3.1 0.6 89.7 5.8 4.6 
Acacia chisholmii 0-5 0.03 1.4 0.9 1.3 7.8 8.2 0.0 80.3 10.9 8.8 
  5-10 0.1 1.5 0.6 1.5 6.7 3.4 0.0 86.1 6.5 7.3 
  10-20 0.1 1.1 0.8 1.9 3.4 1.8 5.7 85.3 4.9 9.8 
P values (species)  0.002 0.118 <.001 0.008 0.317 <.001 0.109 <.001   
LSD (5%)  0.07 0.31 0.72 0.51 1.65 1.49 1.23 2.52   
P values (soil depth) <.001 0.01 <.001 <.001 <.001 <.001 0.123 <.001   
LSD (5%)  0.07 0.33 0.76 0.54 1.75 1.58 1.3 2.68   
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A 3-2 Mean monthly rainfall around Mount Isa Mines area as of 2011. Data retrieved from Mount Isa 
Mines weather station # 029126. 
 
 
 
A 3-3 Percentage of soil P fractions in total P (%) in soil beneath Triodia pungens ('plant') and the outside 
the canopy ('bare'). 
P fractions 0-10 cm 10-20 cm 20-30 cm 
% bare plant bare plant bare plant 
NaHCO3-Pi  1.9 1.1 0.8 0.5 0.5 0.5 
NaHCO3-Po  0.7 1.4 1.0 1.2 0.8 1.3 
NaOH-Pi  5.0 4.5 4.1 2.6 3.2 2.8 
NaOH-Po 2.9 2.8 3.1 4.6 5.0 4.9 
Residual-P 89.4 91.1 90.1 90.6 91.0 90.5 
Total Pi 6.9 5.7 4.9 3.2 3.7 3.3 
Total Po 3.6 4.2 4.1 5.7 5.7 6.2 
Pi : Po 1.9 1.3 1.2 0.6 0.7 0.5 
C: Po 745.5 530.4 464.9 445.8 421.7 353.1 
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Chapter 4 
 
  
 
A 4-1 Effects of woodchip and DAP on tailings chemical properties at the end of the incubation. Data presented as means ± standard errors of means (n=4). 
Dashed lines mark the pH in tailings before incubation. 
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control L M H
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A 4-2 Proportion of soil P pools in total P at the end of incubation (%) in EHM, MIMTD5 and MIMTD7 tailings amended with DAP ± WC (mg/kg). Low 
(L), medium (M), and high (H) P rates represent (in kg P/ha): 50, 100 and 300. The effects of WC and DAP rates were analysed by ANOVA (General linear 
model) and Fisher’s protected LSD (p<0.05) performed to test the significance of treatment effects (WC and DAP) on P fractions within individual tailings.  
Tailings P pools P fractions 
DAP added (mg P/kg equivalent)     
P 
value 
LSD0.05 0 166   331   995   
no WC WC no WC WC no WC WC no WC WC 
EHM 
Labile P 
H2O Pi 0.1 0.1 0.1 0.2 0.1 0.5 0.7 2.9 <.001 0.400 
NaHCO3 
Pi 0.2 0.2 1.3 3.7 3.5 4.0 5.6 9.4 <.001 0.690 
Po * * * * * * 0.3 0.7 0.491 0.410 
Mod. Lab P NaOH 
Pi 0.1 0.2 0.1 3.2 0.2 2.2 0.2 10.2 <.001 0.360 
Po * * * 0.3 * 0.1 0.1 1.1 <.001 0.060 
Spa. Lab P Residual  P 99.6 99.6 98.5 92.6 96.9 91.6 93.2 75.7 <.001 1.100 
MIMTD5 
Labile P 
H2O Pi * * * * * * 0.1 0.1 0.971 0.060 
NaHCO3 
Pi 0.4 0.5 2.0 2.1 4.1 4.2 9.9 7.2 <.001 0.680 
Po * 0.2 * 0.3 * 0.1 1.0 1.6 0.206 0.380 
Mod. Lab P NaOH 
Pi 0.1 1.5 1.8 7.7 2.6 16.0 6.1 6.3 <.001 2.910 
Po * * * * * * 2.9 24.4 <.001 1.420 
Spa. Lab P Residual P  99.4 97.8 96 90 93 80 80 59 <.001 3.940 
MIMTD7 
Labile P 
H2O Pi * * * * 0.1 0.1 0.1 0.1 0.036 0.010 
NaHCO3 
Pi 2.3 0.8 2.5 3.5 2.9 4.4 6.3 6.0 <.001 0.690 
Po * * * 0.4 * 1.4 0.7 2.1 <.001 0.450 
Mod. Lab P NaOH 
Pi 9.4 6.0 8.7 12.6 10.3 14.6 13.3 35.1 <.001 4.140 
Po * * * * * * * *     
Spa. Lab P Residual   P 88.3 93.2 89 84 87 80 80 57 <.001 4.090 
(*) – not applicable; Mod. Lab- moderately labile; Spa. Lab-sparingly labile 
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A 4-3 The significance of the effects of DAP and WC treatments and their interactions on the concentration (absolute) of P fractions in EHM, MIMTD5 and 
MIMTD7 tailings in accordance to analysis of variance (ANOVA). 
Tailings Treatments 
Labile P Moderately labile P Sparingly labile P 
H2O-Pi NaHCO3-Pi NaHCO3-Po NaOH-Pi NaOH-Po Residual-P 
LSD0.05 P LSD0.05 P LSD0.05 P LSD0.05 P LSD0.05 P LSD0.05 P 
EHM 
Woodchip 5.51 *** 7.55 *** - - 4.38 *** 1.02 *** 122.80 *** 
DAP rate 6.75 *** 9.25 *** - - 5.36 *** 1.25 *** 150.40 *** 
WC x DAP rate 9.54 *** 13.08 *** - - 7.58 *** 1.77  *** 212.70 ns 
           -   
MIMTD5 
Woodchip - - 5.10 *** 3.95 ns 25.52 ** 12.42 - 34.47 *** 
DAP rate - - 6.24 *** 4.83 *** 31.25 ** 15.21  - 42.22 *** 
WC x DAP rate - - 8.83 *** 6.84 ns 44.20 * 21.51 - 59.71 *** 
              
MIMTD7 
Woodchip - - 4.52 ns 3.50 *** 49.68 ***  - 23.79 *** 
DAP rate - - 5.54 *** 4.28 *** 60.84 ***  - 29.13 *** 
WC x DAP rate - - 7.83 ** 6.06 * 86.04 ***    - 41.20 *** 
*p ≤0.05; **p ≤0.01; ***p<0.001; ns-not significant; (-) data excluded in ANOVA  
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Chapter 5 
 
A 5-1 Relationship between P uptake (µg/plant) and total dry mass (mg/plant) in Acacia chisholmii treated with KH2PO4, Ca3(PO4)2, FePO4  and MnPO4. 
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A 5-2 Relationship between P uptake (mg/plant) and total dry mass (g/plant) in Ptilotus exaltatus treated with KH2PO4, Ca3(PO4)2, FePO4  and MnPO4. 
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A 5-3 Dynamics of [P] (μM) in the pore water of sand treated with KH2PO4, Ca3(PO4)2, FePO4  and MnPO4 ± plant growth (Acacia chisholmii (a) and Ptilotus 
exaltatus (b)). The data are presented as means ± SEM (n=4) in each treatment. 
A-5.3a - Acacia chisholmii  
P source Plant 
Days after transplant Average 
(d 9-56) 0 9 19 26 33 47 56 
Ca-P 
Acacia 
chisholmii 
1.5 7.5 15.8 10.5 3.8 1.9 1.9 6.9 
Fe-P 1.5 26.0 16.3 9.4 4.0 2.7 2.5 10.1 
Mn-P 1.2 8.6 15.9 11.7 4.5 3.5 3.4 7.9 
K-P 1.5 500.1 2837.9 2507.3 1812.8 959.3 nd 1723.5 
Ca-P 
control 
1.2 10.6 42.6 46.9 42.0 52.1 25.0 36.6 
Fe-P 1.9 68.9 101.7 89.7 83.6 78.9 78.9 83.6 
Mn-P 1.9 17.5 45.8 55.0 85.2 110.5 69.9 64.0 
K-P 1.2 544.7 1073.2 1020.7 1377.2 2513.2 nd 1305.8 
nd-no data collected 
A-5.3b - Ptilotus exaltatus 
P source Plant 
Days after transplant Average 
(d 14-38) 0 14 28 38 
Ca-P 
Ptilotus 
exaltatus 
12.41 11.58 9.90 1.44 7.6 
Fe-P 4.85 11.53 9.22 1.42 7.4 
Mn-P 16.12 17.03 11.08 2.28 10.1 
K-P 4845.9 3607.7 1556.6 27.0 1730.4 
Ca-P 
control 
3.78 13.89 15.86 24.17 18.0 
Fe-P 2.73 40.52 33.18 53.80 42.5 
Mn-P 4.62 20.70 53.16 184.86 86.2 
K-P 3761.1 1424.1 2064.2 2973.5 2153.9 
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Chapter 6 
 
A 6-1 Solution P dynamics (μM) in the pore water extracted from the sand-root-tailings interface of 
Acacia chisholmii (a) and Atriplex nummularia (b) growing in weathered (MIMTD5) and unweathered 
(MIMTD7) Cu-Pb-Zn-Ag tailings ± soluble P supply. Different letters indicate significant difference 
between the means within in each column. Data are presented as means of three replicates. Data are 
plotted in Figure 6.6. 
    A 6-1 a - Acacia chisholmii 
Tailings Treatment week2 week3 week4 week5 week6 week8 
MIMTD5 
Soluble P 123.9a 24.4a 27.7a 17.9a 16.7a 15.2a 
no P 20.9b 2.0b 3.0b 2.3b 3.0b 3.0b 
MIMTD7 
Soluble P 32.4b 3.3b 3.0b 3.3b 2.6b 3.0b 
no P 28.9b 3.2b 3.3b 3.2b 2.7b 2.6b 
Pooled SEM* 19.1 3.6 6.2 4.0 3.4 3.1 
     
    A 6-1 b - Atriplex nummularia 
Tailings Treatment week2 week3 week4 week5 week6 week8 
MIMTD5 
Soluble P 34.4a 10.3a 5.7a 3.8a 3.5a 3.3a 
no P 28.1a 1.7b 3.1b 2.8b 2.8b 3.0a 
MIMTD7 
Soluble P 60.2b 9.2a 4.5a 3.4a 2.6b 3.0a 
no P 32.8a 2.7ab 3.0b 2.7b 2.7b 2.8a 
Pooled SEM 5.0 2.4 0.6 0.2 0.2 0.8 
    *SEM-standard error of means 
 
 
 
 
 
 
 
 
 
 
 180 
 
A 6-2 Changes in pore water pH in the pore water extracted from the sand-root-tailings interface of 
Acacia chisholmii (a) and Atriplex nummularia (b) growing in weathered (MIMTD5) and unweathered 
(MIMTD7) Cu-Pb-Zn-Ag tailings ± soluble P supply. Different letters indicate significant difference 
between the means within in each column. Data are presented as means of three replicates. Data are 
plotted in Figure 6.6. 
A 6-2 a - Acacia chisholmii 
Tailings Treatment week2 week3 week4 week5 week6 week8 
MIMTD5 
Soluble P 7.8a 8.0a 7.8a 8.0a 8.1a 7.5a 
no P 7.6a 7.6b 7.5a 7.6b 7.8a 7.6a 
MIMTD7 
Soluble P 6.9b 7.1c 6.9b 7.3c 7.5ab 7.4a 
no P 7.1b 7.2c 6.9b 7.2c 7.3b 7.2a 
Pooled SEM 0.1 0.1 0.1 0.1 0.1 0.1 
 
 A 6-2 b - Atriplex nummularia 
Tailings Treatment week2 week3 week4 week5 week6 week8 
MIMTD5 
Soluble P 7.6a 7.7a 7.6a 7.6a 7.8a 7.5a 
no P 7.6a 7.7a 7.5a 7.7a 7.8a 7.7a 
MIMTD7 
Soluble P 7.2b 7.3b 7.2b 7.3b 7.4b 7.1b 
no P 7.1b 7.3b 7.2b 7.3b 7.4b 7.3b 
Pooled SEM 0.1 <0.1 <0.1 <0.1 <0.1 0.1 
  *SEM-standard error of means 
 
 
A 6-3 Electrical conductivity (mS/cm) in pore water extracted from the sand-root-tailings interface of 
weathered (MIMTD5) and unweathered (MIMTD7) tailings with Acacia chisholmii and Atriplex 
nummularia. Data presented as means ± SEM (n=3). 
Species Tailings P supply week 6 week 8 
Acacia 
chisholmii 
MIMTD5 
Soluble P 5.7 ± 0.8 7.5 ± 0.8 
no P 4.5 ± 0.8 5.5 ± 0.7 
MIMTD7 
Soluble P 32.1 ± 2.2 35.8 ± 2.2 
no P 36.6 ± 6.7 43.9 ± 5.3 
Atriplex 
nummularia 
MIMTD5 
Soluble P 5.6 ± 0.3 7.2 ± 0.6 
no P 6.1 ± 0.7 9.5 ± 2.4 
MIMTD7 
Soluble P 22.2 ± 1.0 42.4 ± 6.7 
no P 18.7 ± 1.9 28.1 ± 4.4 
 
  
